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Instrumentation for Ultrafast Electronics

I. Summary

Increasing numbers of III-V compound semiconductor devices and circuits operate in a
regime where internal node testing with traditional electronic means proves impossible due
to circuit loading and limited time resolution. Electrooptic sampling employs picosecond
infrared laser pulses to non-invasively examine internal node voltages with 100 GHz
bandwidth. Under this grant, a very low phase noise synthesizer was purchased to provide
stable drive to the laser mode-locker, and a microwave synthesizer was purchased to drive
the device under test up to 40 GHz. In addition, a computer aided design graphics
workstation was purchased to permit the design of novel ultrafast devices. In-house
design, fabrication, and detailed diagnostic testing of ultrafast III-V integrated circuits are
now all possible at this unique facility.

II. Research Applications

Electrooptic sampling of high-speed GaAs circuits and devices has received increasing
attention as a powerful internal-node testing technique in the microwave regime. Previous
development of this system achieved bandwidths of approximately 40 GHz limited by
timing instabilities in RF sources driving the laser mode-locking system. To achieve the
bandwidth necessary for testing the ultrafast elements under development both here and in
other laboratories, a new RF synthesizer having significantly superior phase stability was
installed to drive the laser mode-locker. Having an absolute jitter of below 100
femtoseconds and significantly greater immunity to 60 Hz phase noise than a previous
driver, this instrument operates in tandem with a precision phase-locked loop to stabilize
the timing of the laser pulse train to better than 300 fs. Ultimate time resolution is
determined by the compressed optical pulse rather than instrument weaknesses. With
pulses currently 1.5 ps in width and expected to be well below a picosecond in the near
future, such timing stability is critical to high-performance testing.

To apply the ultrafast measurement capabilities of the electrooptic sampler to circuits
under normal operating conditions, sinusoidal microwave synthesizers are employed.
Scalar and vector measurements are facilitated by the versatility and extensive features of
such synthesized sweep oscillators. A computer sets the frequency of the microwave
signal to be equal to a harmonic of the pulse repetition frequency of the Nd: YAG laser
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offset by a small amount to walk through the signal for time-domain measurements. The
high performance pulse modulator of the sweeper with short rise and fall time is used to
translate the signal above the 1/f noise of the laser when operating in this mode. After
mixing the signal down to 50 kHz, a two-channel lock- in provides a direct readout of the
time waveform.

Because of low spurious and phase noise of this synthesized sweeper, high
performance vector measurements can also be made. In this mode, the source is remotely
controlled to set the drive frequency about 1 MHz above the multiple of the repetition rate,
and then detected with a narrow band vector voltmeter configured from the same lock-in
equipment used in time-domain experiments. To perform millimeter wave measurements
external frequency multipliers are used in conjunction with the sweeper to extend its
frequency range. Doublers have been used to make standing wave measurements to study
the dispersion characteristics of uniplanar MMIC waveguides up to 40 GHz. Currently an
active probe (frequency quintupler) is under development to be used in conjunction with
this sweeper which would allow on-wafer measurements of millimeter wave MMIC's at
W-band, 75 to 110 GHz. This will extend the vector measurement capability, including S-
parameter measurements, of the electrooptic sampler into the millimeter wave region.

With such a powerful test instrument in-hand, development of specialized, novel
ultrafast electronics is underway. A VAXstation 2000 GPX workstation provides the
computational power and graphics interface for design of arbitrary-angle custom integrated
circuits in GaAs. Subsequent mask production by an on-campus MEBES machine yields
fast turnaround and .S pm resolution. Then, facilities within the Ginzton Laboratory
permit rapid custom fabrication of the unique circuits or devices. Non-linear transmission
line circuits which produce 5 picosecond risetime pulses have already been fabricated in
this way, as have complex test structures with 1 pum lines for characterizing the electrooptic
sampler performance.

A second software package on the same host allows experimental design and
modeling. Complexities in GaAs fabrication require some sort of empirical model building
to achieve process reliability and optimization. RS/1, RS/Discover, and RS/Explore, from
BBN Software Products Corp. provide a powerful comprehensive tool to this end. Other
complex experimental systems, such as the dependencies of the electrooptic system
accuracy, may also be profitably characterized in this way. A third group of software
packages permits the modelling of semiconductor devices and circuits. PISCES, from
Technology Modeling Associates, provides simulation of device charge profiles that can be
used in designing silicon charge modulators for fiber-optic communications. Similarly,
SPICE provides simulations for design of circuits like the nonlinear transmission line
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described above. Together, these tools permit much more advanced research into the

Ty

probing and design of novel ultrafast circuits.

III. Personnel

During the course of this project, two students were awarded degrees. Chris Madden

YET IS

received his M.S. Degree in Electrical Engineering in June of 1986, and Harley Heinrich
received his Ph.D. in April of 1987. Dr. Heinrich's thesis was entitled "A Noninvasive

.y
[4

L

Optical Probe For Detecting Electrical Signals In Silicon Integrated Circuits".
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Picosecond Pulse Compression and Broadband Phase Modulation," Elect. Lett. 23,
109-110 (January 29, 1987).
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Detection of Charge Modulation in Silicon Integrated Circuits Using a Multimode Laser
Diode Probe,” IEEE Electron Device Letters (August 1987).
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[3] "Picosecond Sampling of Integrated Circuits,” Second Topical Meeting on Picosecond
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K. Diamond.
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April 15, 1987 (Invited talk). D. M. Bloom.
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Devices and Circuits," 1987 Conference on Lasers and Electrooptics, Baltimore,
Maryland, May 1, 1987 (Invited paper). D. M. Bloom.
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[8] "Microwave Measurements of GaAs Integrated Circuits Using Electrooptic Sampling,"
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11, 1987 (Invited talk). D. M. Bloom.

s
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Reduction of timing fluctuations in a mode-locked Nd:YAG laser
by electronic feedback

M. ]. W. Rodwell, K. J. Weingarten, and D. M. Bloom

Edward L. Ginzton Laboratory, Stanford University, Stanford. California 94305

T. Baer

Spectra-Physics, Inc., Mountain View, California 94039

B. H. Kolner

Hewlett-Packard Laboratories; Palo Alto, California 94304

Received May 30, 1986: accepted July 21, 1986

The timing fluctuations of a mode-locked Nd:YAG laser are reduced by electronic feedback. Timing fluctuations at
rates of 50 to 250 Hz are reduced by more than 20 dB, the total timing fluctuations are reduced from 2.9 to 0.9 psec
rms, and long-term drift is reduced to 0.5 psec/min. Applications include time-resolved probing experiments and

synchronization of lasers.

Mode-locked laser systems in conjunction with opti-
cal-pulse compressors generate extremely short opti-
cal pulses, making these instruments attractive for
time-resolved measurements of a variety of fast phe-
nomena, including electro-optic sampling,! time-re-
solved carrier dynamics and electromagnetic transient
measurements in semiconductors,” measurement of
optical waveforms by optical sampling,® and time-re-
solved spectroscopy.? In these experiments the sys-
tem under test is pumped (excited) by the pulsed laser
and subsequently probed by a delayed portion of the
same optical pulse; pulse-timing fluctuations are
therefore unimportant.

If excitation of the experiment with the probing
laser is inconvenient or an unrepresentative experi-
mental condition, the experiment can instead be excit-
ed by some other external source, such as a second
laser or an electronic oscillator, synchronized to the
pulse-repetition rate of the laser. The timing fluctua-
tions of the laser then degrade the time resolution of
the measurement and introduce noise. High scan
rates can be achieved in externally synchronized ex-
periments by introducing an offset between the excita-
tion and probe-repetition frequencies.

Fluctuations in mode-locked Nd:YAG lasers in-
clude variations in both pulse intensity and pulse tim-

ing. If the laser produces a train of pulses described
by

I(t) =PT[1 + N(¢)]

x N Loexpl-lt - Ty = T - JOI/203, (1)

V. V270,
where

I(t) is the laser intensity,
P is the beam’s average intensity,
T is the pulse-repetition period,

0146-9592/86/1006:38-03%82.00/0

o is the rms pulse width,

N(¢) is the normalized pulse-intensity fluctuations,
J(t) is the timing fluctuation of the pulse train, and
Ty is the static timing offset of the pulse train,

then the laser intensity will have a power spectral
density S;(w) approximated to second order in nws,
by

n=+w
S/(w) =~ P%xp(—wis,?) z [ = n%?e?

X 218(w — nw) + (1 — n%w%0,)S\(w - nw)
+ n%w S {w — nw)], (2)

where o, is the standard deviation of J(¢) = rms timing
jitter, w; = 2x/T, Sy(w) is the power spectral density of
N(t), and S, (w) is the power spectral density of J(¢).

Thus the spectrum of the laser intensity is a series of
lines at multiples of w; plus spectra associated with
timing and amplitude fluctuations, referred to as
phase-noise sidebands [S,(w — nw;)] and amplitude-
noise sidebands [Sy(w — nwy)]. The jitter attenuates
the pulse train’s spectrum at high frequencies, as indi-
cated by the (1 — n2w/?s,2) term, and degrades the rms
time resolution oeyperiment Of externally synchronized
probing experiments:

R

aexperimem = (012 + UJH)UZ' 3)

The phase-noise sidebands represent random fluc-
tuations in the phase of the frequency components of
the laser pulse train; in externally synchronized prob-
ing experiments the jitter introduces noise proportion-
al to the time derivative of the experimental response.

The phase-noise sidebands, having power propor-
tional to n-, predominate for harmonics of moderate

¢ 1986, Optical Society of America

‘:..-_‘( D L S AN AN,
y .

-

=

52

A 2>
o

RRAATAN

LSl P
gy

valry
"‘F') %

1,
v

K T a8,
®

»
[
2%t

', -/- '.-.

‘ y °
(A

.
o

- “
L
¢

NPl oo
"’.‘i{‘y,'"" y ‘.

L 4

.
£,

Y v "
e,

er
hY

Ll e |
IO

l"'
CALs

a_ e .

'. .l‘
LYY

v

(IR B BN
. -
e

=1 BRI
AT

_

WXL,

.,.,4_
MY

)

»

AN
S

>~

-,



0. AN AN AL ACAA o el ate o L Artu et S LA ) VWY AT XN ARt pte ANt AL A RO Bl el NS T NN

X'l

i\ N'c -
"\

r " October 1986 ~ Vol 11.No 10 OPTICS LETTERS ‘639
v .
- ] Vierecwor = RPI[L+ NOOIT, + JOI + V., 15)
o~ 9z A-0 POOE - LOCKED N N
" — o | vo:vea asem P where V, is the dc offset of the mixer and the subse-
e roToR o0 ‘% quent amplifier. Given a feedback loop having high
o VOLTRGE N O 1w loop gain, Veieco: is forced to zero, and the laser tim-

’ 1 T ing becomes
n ‘ pepw To = _v()s/kP’ (6)
; W) oETECTOR J(t) = T,N(2). (7
4 Thus, in addition to causing timing drift with
_'.\ o o changes in mixer offset, V,, introduces a static phase
FREDUENCY < REFERENCE offset T, causing first-order variation in phase-detec-

A o1vioER OBCILLATOR tor Qutput’with vgrigtions in laser intensity, thus pro-
-_\: Fig. 1. System for laser-timing stabilization. S::;lrg ré?ll(illllzltit(;x:slnaglssjclftreel;z,.ultsse?xs'(l)nrnwg;L:Si;izeigﬁ_
ot . . L ling of the baseband ampli i :
:‘-i prder (5-100); at higher ha'rmomcs the expansion 18 ?ron% the photodiode to tg::lt;rllciise?Lz)cl:tu;liiogivii;(‘:;
‘ inaccurate both because of higher-order terms in nwia; finite mixer isolation. Because of these spurious out-

. and because of spectral terms associated with pulse- puts, the output of the phase detector within the tim-

width fluctuations.” Monitoring the laser with a pho- ing stabilizer is not a reliable measure of stabilizer-

A todiode and a spectrum analyzer and measuring Fhe jitter suppression.

» ed sl ° ) mixer offset by taking the difference between succes-
o can infer S;(w). The total jitter can then be found: sive phase measurements taken with the photodiode

] 1 [*= 12 signal phase shifted =/2 and —#/2 rad.!® A mixer
9= [27, j_m SJ(“’)d“’] : (4) phase modulates the photodiode signal £7/2 rad at a

T 100-kHz rate. The signal is filtered, removing spuri-
:::: Spectrum analyzers display the spectra of random ous mixer products, ;ilmplidfied, and a%ﬁlied toa se?m}lld

\ . . . mixer serving as a phase detector. e output of the

sl s he i power tegatedovr theanar o e, 101 sare ave who i
) with the difference i)etween spectral densities ex- tude is proportional to J(t-)’ is ﬁlt_ered,'amplified, a nd
ol . . synchronously detected with a third mixer. Spurious

! _.-:,' presse.d as a function of hertg rather thgn as a function coupling of the baseband amplitude fluctuations is
™ by half power bacsioiath. racher than by snvalent  Prevented by the 82-MHz bandpass filter. Offset
':_';.: ise bandwidth. and noi th a 1 voltages arising in the third (precision low-frequency)
e SOIS t'an lh 'in Ig)ome measduremgn 4 envlf ope mixer and in the subsequent amplifier are small, and
RN etection rather than by power detection must be in- their relative effect is further reduced by the gain of
" cluded.® Three Nd:YAG lasers tested showed jitter in the 100-kHz amplifier

the range of 2-10 psec rms, while a Rhodamine dye '

R laser synchronouslv pumped by an argon-ion laser had
e 20-psec rms jitter. A
o We have reduced the pulse-timing fluctuations of a

: '\ mode-locked Nd:YAG laser by using a system similar FROn : ! ouTPUT
YA to that of Cotter? (Fig. 1). A photodiode monitors the PHOTOD100E 7
o 82-MHz laser pulse train, and the phase of its 82-MHz
T component is compared with that of a stable reference
) oscillator, generating a phase error signal. The 41- REFERENCE
'j'_\.j MHz signal required for driving the laser’s mode-lock- OSCILLATOR
.-':_ﬂ ing acousto-optic (A-O) cell is generated by frequency

: _";\ division from the 82-MHz reference; its timing (phase) o
> is adjusted with a voltage-controlled phase shifter con- B Sioe

. trolled by the amplified and filtered phase error signal.
Given an error-free phase detector and a stable-feed-
:. back loop having high loop gain, the phase of the laser

o pulse train will be continuously adjusted to equal the
R phase of the reference oscillator, suppressing the laser-
_. timing fluctuations. Jitter suppression is limited by
- phase-detector spurious outputs, by reference-oscilla-
o tor phase noise, and by the limited loop gain achiev-
- able in a stable-feedback loop.

(. Initially we used a double-balanced mixer as a sim- Fig. 2. Phase detectors: A, double-balanced mixer: B.

L/ ple phase detector (Fig. 2). Given a sinusoidal refer- chopper-stabilized mixer (R's, L's, and I's denote the mixer

} r; ence oscillator input, the phase-detector output volt- radio-frequency. local-oscillator. and intermediate-frequen
(1o age is, to first order in N(t) and J(t), v ports),
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§ ‘ T ‘ T /\ ! J the lgser po}e frequency, the con}per}sation does not ‘S}
: W 1 I ;’ ‘ permit consnsteptly §table operation if the frequency d
i | : | /JL ! i i of unity loop gain is mgreased much beyond 5 kHz. - I',
r ‘ ‘ i / \ 1 1 The loop's phase-noise suppression is shown in Figs. {
% } ! Ly : 3and 4. Inthe frequency range of 500 Hz to 5 kHz the b
; 3 ‘ . [ | K | ! phase-noise suppression is limited by the limited loop e
et ‘ ‘ A transmission. At lower frequencies (50-250 Hz) the o
\ | loop suppression is sufficient to reduce the laser’s oy
\ , | W'XV‘ phase noise to a level limited by the reference oscilla- -]
‘ ; A ! ‘ A tor phase noise, giving a net reduction of 20 dB. Inte- g
M‘ A ,1[ ! : | W N FA" grating the phase-noise sidebands, we find that the oy,
; | j total timing jitter (o) is reduced from 2.9 to 0.9 psec. )
| . T \ The small peaks in the stabilized phase-noise spec- AN
‘ | 1 trum (Fig. 3) are power-line-induced phase-noise side- :
E | bands from the reference oscillator. Finally, long- a
L ! — term timing drift is stabilized to approximately 0.5 .
Center 1.84 GHz 50 Hz/div. 10 Hz Resolution psec per minute. N
Fig. 3. 0-250-Hz phase-noise sidebands at the laser’s 20th In our electrq-_optic sampli.ng e}periments. where -
harmonic: A, stabilizer off; B, stabilizer on. 10 dB per the signal acquisition bandwidth is between 10 and J
vertical division. 300 Hz and the optical pulsewidth ¢, is 0.85 psec rms (2
psec FWHM), the timing stabilizer suppresses the jit- Y
ter-induced noise power by 100:1 and improves the
I ; . . . . rms time resolution from 3.0 to 1.2 psec. ::
| o L L L | i In summary, we have reduced the timing fluctua- Ay
T ! I X < L } 1 tions of a mode-locked laser by 3.2:1 and have reduced ’
‘ ; 4 | | the low-frequency phase-noise sidebands by 20 dB. i
| Tﬂ Further suppression of the phase noise will require a '.\:'.
T| \ reference oscillator having lower phase noise and will 3
\ require either modification of the laser to obtain re- :-.::
| ) duced prestabilization jitter or implementation of a o
f 1 more complex compensation scheme to permit higher 4
M loop gain over a broader frequency range. ’
1 —B- We acknowledge the support of the U.S. Air Force o
1 P Office of Scientific Research under grant number Ny
\ | AFOSR-85-0016. M. Rodwell wishes to acknowledge ‘-'5. -
— an IBM fellowship. N
] | N
Center 1.64 GHz 1 kHz/div. 100 Hz Resolution References N

W

Fig. . 0-5-kHz phase-noise sidebands at the laser's 20th
harmonic: A, stabilizer off; B, stabilizer on. 10 dB per
vertical division.
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Internal Microwave Propagation and Distortion
Characteristics of Traveling-Wave Amplifiers
Studied by Electrooptic Sampling

M. ] W. RODWELL. MAJID RIAZIAT, MEMBER, ILEE

B. A. AULD. FELLOW, IFEE.

Abstract — The internal signal propagation and saturation characteristics
of two monolithic micronave traveling-wave amplifiers (TWA) are mea-
sured by electrooptic sampling. Gate and drain line responses are com-
pared with theory and simulation, leading 1o revisions in the FET models.
Drain voltage frequency dependence and harmonic current propagation
together lead to more complen saturation behavior than is discussed in the
literature.

I INTRODUCTION

THli FREQUENCY RESPONSE and distortion char-

acteristics of monolithic  traveling-wave amplifiers
(TWA) depend upon the propagation characteristics of
microwave signals along the gate and drain transmission
lines. The bandwidth and gain flatness of the amplifier are
set by the finite cutoff frequencies of the periodically
loaded lines, the line losses due to FET input and output
conductances, and the mismatch between gate and drain
propagation velocities. The gain compression characteris-
tics are set by several saturation mechanisms in the tran-
sistors, by the power at which each mechanism occurs in
each FET. and by the propagation of both the amplified
signal and the generated distortion products. While some
of these factors are considered in the modeling and design
of a TWA_ the model can be verified only by measurement
of the amplifier’s external scattering parameters: if an
amplifier does not perform 1o expectations. the cause is
not easily identified. If the voltages at the internal nodes of
the amplifier could be measured. the amplifier’s character-
1istics would be much better understood. Such measure-
ments are now possible using electrooptical techniques.

I.  EIECTROOPIIC SAMPLING

We have developed a svstem for direct electrooptic
sampling in GaAs integrated circuits {1] [4]. In contrast to
the external approach of Valdmanis er al [5]. our svstem.

Muanusonpt recenved March 28 1986, revined June 18, 198 Thic work
wos supported by the A Force Office of Saentfic Rescarch under
Contract 496 20-85K-0016 M Radwell's rescarch swas supported by an
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PROBE BEAM
{100]

T
[

Sampling geometny used for probing microstrip transmission
lines

GROUND P AE

g 1

which measures the electric-field-induced changes in
polarization of picosecond pulses of subbandgap laser
radiation as they pass through the GaAs substrate of the
IC. can noninvasively measure the voltages at arbitrary
points within the circuit. The sampler currently has a
bandwidth of 80 GHz. a uming dnft of 0.5 ps/min. a
measured noise floor of —60 dBm (1 Hz), and a spatial
resolution of 3-10 pm. depending upon the focusing lens.
The sampler can be configured to emulate either a sam-
pling oscilloscope or a network analyzer.

GaAs is electrooptic; thus, the electric fields associated
with conductor voltages induce optical birefringence. caus-
ing a small change in polarization to a subbandgap optical
probe beam passing through these fields. The polarization
change can be detected by passing the probe beam through
a polarizer and onto a photodetector. Probing geometries
for measuring the voltage on microstrip and coplanar
transmission lines are shown in Figs. 1 and 2. respectively.

Fig. 3 shows the sampling system. A mode-locked
Nd:YAG laser is driven at 82 MHz. producing optical
pulses of 1.06-pm wavelength and 100-ps duration. A
fiber-grating pulse compressor reduces the pulse duration
to 2 ps and a phase-tock-loop timing stabilizer reduces the
laser timing jitter to 1 ps. The probe beam passes through
a polarizing beamsplitter and a A /4 waveplate whose
major axis is oriented at 22.5° to the axis of the
beamsplitter, producing an elliptical polanization. The el-
lipse major axis is aligned at 45° to the electroopuc aves of
the GaAs 1C substrate by a A -2 wanveplate placed between
the quarter-waveplate and the arcut. The beam s focused
by a 5 microscope objective adjpacent to or on the
conductor of mnterest for the microstrip or coplanar geome-
tries, respectively.
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RODWELL ef al © TRAVELING-WAVE AMPLIFIERS

Vsig GND

=
o

! Probe Beomi

GaAs Substrote
400 microns thick

T =

Fig. 2. Backside reflection geometry used for probing coplanar wave-
guide, coplanar strips, or lumped-clement interconnects

1.06 pym, 82 MHz Pulse compreasor

Nd:YAG Laser

Timing stabilizer 2ps
N Wavepiotes
Synthesizers  yoquiator n ”p
‘ 5, sy
-26 GHz| ” U Polarizing
A A H
T - 5 a beamsplitter
Circuit
10 MHz

;

Receiver Photodiode

Fig 1 Electrooptic sampling system.

The reflected beam passes back through the waveplates.
producing a linear polarization rotated at 45° to the axes
of the beamsplitter; the polarization component of the
heam at 90° orientation is directed by the beamsplitter
onto a photodiode connected to a receiver. Through the
electrooptic effect. the probed conductor voltage on the 1C
perturhs the polarization of the returning beam. changing
the intensity of the beam incident upon the photodiode.

The circuit under test is driven by a microwave svn-
thesizer whose output is pulse modulated at 10 MHz.
allowing  synchronous  detection with a  narrow-band
10-MH/ double-sideband receiver at a frequency higher
than the 200 kHz L. f corner frequency of the laser inten-
sty nore. If the microwave svathesizer is tuned to exactly
the Vih harmonic of the laser pulse repetition frequency,
the same point on the cireuit waveform will be sampled
every N ooveles. The microwave frequencey is then offset
10 100 Hy to map out the waveform at this rate. In this
wav. the saumpler operates as a sampling oscilloscope. To
use the sampler as a network analvzer. we remove the
pulse modulation, offset the microwave frequency by 10
MH/. and replace the receiver with a narrow-band 10-MH7
vector voltmeter. Using the sampler. we have investigated
the causes of handhimiting and gain compresaon in two
microwave TWA'S,

HI. Ampririers Tesitp
In a distributed amphifier, a series of small transistors
are connedted at regular spacings between two high-imped-
ance transmission hines (Fig: 4y, The high-impedance hoes

1357

Fig. 4 Traveling-wave amphifier topology

’
I 4

GND Voo

W

Fig S 2-18-GHz TWA using microstrip transmission lines

and the FET capacitances together form synthetic trans-
mission lines. generally of 50-f characteristic impedance.
Series stubs are used in the drain circuit. equalizing the
phase velocities of the two lines and. at high frequencies.
providing partial impedance matching of the drain output
impedances and thus increasing the gain. By using small
devices at small spacings, the cutoff frequencies due to the
periodicities of the synthetic lines can be made larger than
the bandwidth limitations associated with the hne attenua-
tions arising from FET gate and drain conductances: thus,
gain bandwidth products approaching (. can be at-
tained [6]. The amplifiers studied are a five-FET TWA for
2 18 GHz that uses microstrip transmission lines (big. §)
and a novel five-FET TWA for 2 20 GHz designed with
coplanar waveguide transmission hines {7].

[V. SMAIT-SIGNATL MEASUREMENTS

By driving the TWA input with a swept-frequency
sinusoid of small amphtude and then positoning the laser
probe near the FET gate and drain terminals. we measure
the small-signal transfer function from the input to each of
these nodes, showing relative dnive levels at the FET gates
and output levels at the FET drans,

Packaging problems were found 1n testing the coplanar
TWA: the amphfier chip. which showed 5.5-dB gamn 1o 19
GHyz. gave S-dB gam to onlv 8 GHz when bonded to
microstrip transmission hnes. The Jong ground current
path between the chip and the microstrip ground planes
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dB
4]
-5.25 /
,'//
-12.5% e
///
-18.75 - //
/,///
-25 - : o . .
S 8.7% 12.3 16.3 20
GHz
Frg. 6. Chip ground potential relatve to carnier potential, as a frachion
of input voltage on the coplanar TWA
dB
S
——
XL~ TN —
2.5 e X
\(é;\/ — T 2
~ TN 5
N\
Ca \
. \
! A
-17.9 5
2s 1- - - —-
a S %] 15 2e
frequency, GHz
Fig 7 Gate voltage vensus frequeney for the microstnp TWAL as o

fraction of mmput voltage to amplifier: devices are numbered 1n order of
propagation of forward wave (Gate 1 omitted for clanty )

dB
. to adjust process-dependent circuit parameters to obtain
the best fit to the measured data (Fig. 8). Model gate
2.5 Simulated termination resistance increased to 80 Q. C, increased
Measured ~ from 1.0 to 1.14 pF/mm. C_e,,.increased from 0.03 to 0.06
e pF/mm. source resistance r, increased from 0.58 to 0.72
Q. and source inductance decreased from 0.14 to 0.10 nH:
. these values fall within normal process variations. Inter-
ference between the forward and reverse waves on the
T ‘ . ‘ drain line results in strong frequency dependence of the
2 E L€ o e drain voltages (Figs. 9 and 10); this can be predicted by
simple analysis.
Fig ¥ Comparnson between simulated and measured gate 4 voltage -
after adiustment of the model to obtain best fit o measurements V. DRAIN VOLTAGE DISTRIBUTION
ted tically probine th tential between th After Avash [R). if the wavelength 1s much greater than
was suspected: optically pro » potential between the - S5
' suspected. op ~ prahing the pote ciheenl the spacing between the FET s, the svnthetic lines can be
chip and package ground planes showed that the chip . C . _ .
E . ) approximated as continuous structures coupled by a uni-
ground potential is onlv 5 dB befow the input signal at g } . : _
A . T ) formlyv distributed transconductance. The lines then have
high frequencie  (Fig, 6). indicating substantial package S ‘ R
. . characteristic impedances and phase velocities given by the
ground inducta ce. This inductance provides feedback and distributed : | T N
thus degrades gain. A package with coplanar waveguide sum of distributed and lumped capacitances and induc-
> degrades gamn. A p & planar waveg tances per unit length [&]: the line impedances (Z,,,. Z,,,)
transmission lines gave improved performance. but has not NORER o _ .
_ and velocities (v, . v, ) are generally made equal. The lines
vet been ontically probed. ‘ 7 ‘ ,
R o o . . . . then have propagation constants given by
The microstrip amplifier provides 6-dB gain to 18 GHz.
while simulation predicts 7-dB gain o 20 GHyz. The gate ree Colng . 1
voltage curves for this amplifier (Fig. 7) show several Yoo B, Y, fe b (h
features: the rolloff bevond 18 GH/ is the cutoff of the 76
synthetic gate line: the slow rolloff with frequency at gates y,=a,+ B, = —'—L:—Jfl e, (2)
34 and 5 is gate hine attenuation: and the npples are 2
standing waves resulting from the gate line being mis-  where /s the FET spacing. € s the gate source capaci-
W T o o™ O o T & W W W F it B e, W W W (W T W W oy Oy Wy T Wy LA A o LT o o L LY A <
e NN NN e N, .‘,.{.};.__\\-‘,\,\,\, SRR \,\(\ N e A

r 2 7]
bl
ke J
Jo RPN
@ 7N ’ N2
° / N\ ! L /
V4 \ . 4 ,
\ N N
1@ \ /‘r’ \\
v // \ Term.
T \\\/\
- RN AU L.
) 5 10 1S 20
GHz

Mecasured voltage at dran 2. drain 1. and drain reserse ternuna-
tion of microstrip TWA, as a fraction of input voltage

19

b

-2e e £ o a i L n {
%] S 19 1c 2
GHz

Fig 10 Voltage versus frequeney at drains 304, and § of microstnip

TWA

terminated. These data were compared to simulations using
SuperCompact™: the simulator’s optimizer was then used
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tance, r, Is the gate resistance. G, Js the dramn source
conductance, and a forward propagating wave is of the
form ¢ . The voltage along the drain line 1
- gmzmll'm

21

‘ 1_ e(y, AR
Ye©

bulz) =

1— ety ni) ‘

(3)

-e

b =Y. Yo+ Ye J

where # is the number of FET's. g, 1s the FET transcon-

ducrance. V' is the input voltage. and = is the distance

along the drain line, with the origin located at the drain-line

reverse termination. Ignoring line attenuation, and assum-

ing equal gate and drain phase velocities. (3) becomes
<gn|zlh/l'ln

Hl,/(:).‘, ==

2/

sin(28(nl — 2))  sin (B(nl - 2))
— e (4)
B B
which i~ plotted in Fig. 11. The above analvsis neglects the
matching effect of the series drain stubs (Fig. 4). Because
these series stubs provide partial high-frequency imped-
ance matching between the FET's and the drain transmis-
sion hine, at high frequencies the draim voltages are larger
than the voltages at the tap points where the drain senes
stubs connect to the drain line (Fig. 12). Drain-hine voltage
variation also arises from reflections from the drain-hine
reverse termination, which, owing to process varigtions,
was 80 Q1 the device tested. We see from Fig. 11 that at

N

T+

R A

Voltage versus frequency at dram 2 and at drain 2 wap point

V,

9\/

3 Y

Fig 13 FET load-hine for masimam output power

high frequencies the power absorbed by the drain-line
reverse termination is about 20 dB below the amplifier
output power. Furthermore. at high frequencies the input
power is absorbed primarily in the FET input resistances
and not in the gate-hne termination. Thus. at high frequen-
cies the TWA is a directional coupler with gain. The
terminations reduce the low-frequency power gain but do
not waste substantial available gain near the cutoff
frequency. The predicted frequency-dependent drain volt-
age distnibutions ajso complicate the large-signal operation
of the amplifier.

VI, SATURATION MICHANISMS

The nonlinearities and power hmitations in FET ampli-
fiers include gate forward conducton. pinchoff. drain
saturation. and drain breakdown. Gate forward conduc-
tion, himiting the gate voltage for lincar operation 0 a
maxumum of approximately +0.5 V. thus also Iimits the
drain current 1o a maximum of /,: the drain current at
bowe = 0.5 V. For linear operation. the gate voltage must
also be more positive than the pinchoff voltage 1, and the
drain voltage must be below the drain breakdown voltage
}yg. Finallv. nonlinear operation results 1if the drain volt-
age is less than (1, — 15). the voltage necessary to pinch
off the drain end of the FET channel: we refer to this as
drain saturation.

In a single FET amplifier. the load-line can be chosen as
in Fig. 13 so that all these himits are reached simulta-
neously, maximizing the output power before saturation,
From this load-line. the gate and drain voltages must track
in phase. Avasli [9] and Ladbrooke {10} extend this result
to travehing-wave amphfiers by assunung that under ap-
propriate design conditions (tapered gate and dran hines)
the gate voltages and dram voltages of all FETS can be
made equal. thus causmg all devices to saturate simulta-
neously. In the case where gate and dram losses can be
neglected. we can show that if the drain and gate swnthetic
Iines have charactensuc impedances /7., and 7., and
phase veloaities v and ¢, of the form

v

VAT IR I N
Jo ) 7
IS N S S (5)

and if the drain-hine reverse termimation i~ onutted and the
output load resistance / set at

7/ A nl (6)

Load
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T-dBm input power

then the voltage
follows:

along the drain hine will be uniform as

Vizy=-ng,7

m Loy ni n€

(7)

The drain-line
gate-line voltage,
FET's and thus
tion.

In the uniform drain-line case. as 1s shown by (3) and by
9 and 10, the reverse wave on the drain line com-
plhicates the problem: the drain voltages are equal only at
low frequencies. and. by (3 the reverse wave introduces a
phase shift between the gate and drain voltages of cach
FET. Thus. in the uniform drain line case. neither the
conditions for simultaneous saturation of all FET s nor the
for smultaneously  reaching all saturation
mechantsms in g ginven FET can be met.

The 2 18 GHz microstrip amphifier has 1-dB gain com-
pression at 7-dBm input power. and 1s not optimized for
maximum power output: the lines are not tapered in the
form of (5) and the bias s not set for maximum uncom-
pressed output power. Ignoring for o moment the frequency
dependence and position dependence of the gate and drain
voltages. we can estimate the gain compression point and
wdentfv the predommant saturation mechanmsm. Wath a
gate bias voltage 1) of = 0.3 Vg drain buas voltage 3, of
13V g puichofl voltage of approximately = 2 Voand an

= - 2 (6 dB). the gate mignal s
SboLoo 8 Ay and the maximum negatnve drain volt-
age exeursion s himited by draimn saturauon to 817 =

(b, b sb - = 12V corresponding to
11 5-dBm output power With 6-dB amplifier gain. drain
saturation will thus oceur at anput power levels of ap-
provmately 3.5 dBm. while the maximum mput voltage
hefore gate forward conduction oceurs s 84 = (0.5
Loy 0% Vo corresponding to 8-dBm anput power. As
pinchoff and dram breakdown occur only at sull higher
input powers. the maxaimum power output of the amplifier
is thus Jumited by draimm saturation. Probing the dram and
gate large-signal voltage waveforms with the amplifier
driven atits 1-dB gam compression power. we observe no
chipping of the gate voltage waveforms (which would arse
from gate forward conductiony, but observe chipping of the
negative excursions of the dramn voltage waveforms: the
chipping resulting from dran saturation. Adjustment of the

voltage 1s uniform and in phase with the
allowing simultancous saturatton of all
maximizing the output power at satura-

Figs.

conditions

amphifier voltage gain of

i

" dBm nput power

conduction at 7-dBm input power. and clipping of the
positive excursions of the gate voltage waveforms was
subsequent  tests performed  with  the
amplifier brased normally b = = 0.3 V). where gain com-
pression is donunated by draimn saturation.

At 3 GHz. the small-signal voltages at the drains of the
last two devices are approximately equal. and are larger
than the small-signal voltages at drains 1. 20 and 2 (see
Figs. 9 and 10y, Thus. chipping occurs simultaneously at
drains 4 and 5 (Fig. 14). Because of the smaller voltage
swings at drans 1020 and 30 these devices show strong
drain saturation only at input power levels several decibels
larger than the input power necessary to cause drain
saturation in the fourth and fifth FET s,

At 10 GHyz. the distortion at the 1-dB compression point
i~ complicated by phase shifts between the 10-GHz funda-
mental and the 20-GHz generated harmonic currents (Fig.
15). The 10-CG:Hz small-signal voltage at drain S is 1.5 dB
larger than that at drain 4; thus, FET 5 saturates more
stronghv. As with the 3-GHz saturation characteristics, the
10-GHz small-signal voltages at drains 1. 2. and 3 are
comparatively small. and thus the first three transistors do
not show significant saturation at 1-dB gain compression.
The 20-GH/z harmonie current generated at FET § pro-
duces cqual forward and reverse dram voltage waves at 20
GHzo With 10-ps line delay between drains 4 and S, the
20-GH7z reverse wave from FET S undergoes 20-ps relative
phase delav (which v 729 of a 10-GHz cveley before
combimng with the 10-GHz forward wave at drin 4. The
resulting voltage waveform at dram 4 would then ap-
proximate o sawtooth funcuon: dram saturation at FET 4
then chips the peak negative excursion. Depending upon

observed: were

the hine delay between successive drains, the reverse-propa-
gating harmome currents can erther increase or decrease
the peak voltages at other dramns increasimg or decreasing
the saturation at prior devices.

AU TS GHz the smadl-wignal dram voltage at drun 4w
larger than that at dram 50 Thus at the 1-dB gain compres-
~son pomt. FET 4 will saturate strongly while FET S wall
show only weak dram saturation. At this frequenes, FETS
2 and 2 have smuall-signal dram voltages that are 0.5 1 dB
smaller than at dram 40 and thus also show significant
drain saturation, The 26-GHz harmonie currents generated
at drain 4 are bevond the cutoff frequency of the svnthene
drain line: the generated 36-GHz forward wave thus expe-

gate bias b to 00V results inosigmificant gate forward  riences significant dispersion and attenuation relatine o
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the 18-GHz forward wave as the two waves propagate
towards drain 5 and the output. The voltage waveform at
drain 5 1> thus visibly distorted, but the phase relationship
between the fundamental and the distortion components
has 1 on shifted. and the waveform no longer clearly
reflects the drain saturaton waveform observed at drain 4
(Fig. 16).
VIL. CoNcrusions

We have studied the propagation of signals internal to
microwave distributed amplifiers with electrooptic am-
pling. Gate-line attenuation and cutoff is observed. as is
interference of the forward and reverse wave on the drain
lines. both as predicted by theory. Using a microwave
simulation program. the circuit models can be adjusted to
obtain a fit between simulated and measured internal node
voltages. allowing detaiied circuit diagnostics. Large-signal
saturation characteristics of the amplifier are set by both
the order of occurrence of each saturation mechanism in
each FET. and by the propagation of the generated
harmonic currents through the circuit.
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2% Electrooptic Sampling of Gallium Arsenide Integrated Circuits
s
'_::. K.J. Weingarten. M.J.W. Rodwell, J.L. Freeman, S.K. Diamond. and D.M. Bloom
&
Y .. . .
A Stanford University, Edward L. Ginzton Laboratory
: Stanford, California, 94305
T
*-‘ !. Introduction
As GaAs integrated circuits (IC’s) grow in speed and complexity, new methods to ac-
g curately measure the internal node response of these circuits are required. Sampling
oscilloscopes have a 25 ps risetime and network analyzers can measure linear response
- to 100 GHz. However, both instruments load the test point with 50 Q limiting their
use to input or output ports. Electrooptic sampling was pioneered [1],[2],(3] to mea-
g sure optoelectronic devices (photoconductors and photodetectors) with response times
shorter than a sampling oscilloscope’s resolution. To address the need to test internal
&N nodes we have developed an electrooptic sampling system for probing signals directly
o within a GaAs IC [4].
<~
e
N 2. Electrooptic Sampling System
N
_ Gallium arsenide is electrooptic; the electric fields from conductor voltages induce op-
<o tical birefringence, causing a change in polarization to a suitably polarized probe beam
5 passing through these fields. The polarization change can be detected by passing the
ol probe beam through a polarizer and onto a photodetector. For the longitudinal probing
o gecometry the change in intensity of the received beam is linearly proportional to the
b voltage [4] across the substrate at the test point. Probing geometries for measuring the
’ voltage on various conductor types are shown in Fig. 1 T.Si[ﬁ]
' N
3
‘.
L)
v,
3 Probe Beam vsig GND
b N AT f
‘- [100] U !
- N
'_J: Conductor
] GoAs Substrate GoAs Substrate
o / 100 microns thick Probe Beam | 400 microns thick
L N
4
it Ground Plane [ 001]
-~ Figure 1: Cross sections of sampling geometries. Frontside (left) for probing microstrip trans-
' :‘ mission lines and backside (right) for planar transmission lines and wire interconnects
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Figure 2 shows the sampling system schematic. A mode-locked Nd:YAG laser
is driven at 82 MHz, producing optical pulses of 1.06 um wavelength and 100 ps
pulsewidth. A fiber-grating pulse compressor reduces the pulse duration to 2 ps EY]
and a phase-lock-loop timing stabilizer reduces the laser timing jitter to 1 ps (8]. The
probe beam passes through a polarizing beamsplitter and a A/4 waveplate producing
elliptically polarized light with its major axis 22.5° to the beamsplitter axes. A A/2
waveplate rotates the axes of ellipse to 45° from the electrooptic crystal axes of t{:e
substrate. A microscope objective focuses the beam through the substrate adjacent
to or on the conductor of interest for frontside or backside probing, respectively. The
reflected light passes back through the waveplates and beamsplitter, producing linearly
polarized light at 45° to the beamsplitter axes. The polarization component reflected
from the beamsplitter is directed onto a photodiode connected to a receiver. The beam
intensity at the photodiode varies linearly with the voltage on the conductor [4].

The system can be configured to emulate either a sampling oscilloscope or a network
analyzer. To emulate a sampling oscilloscope, the microwave synthesizer is set to
an exact multiple of the laser pulse repetition rate plus some small frequency offset,
typically 10-100 Hz. The received intensity then varies in proportion to the signal
voltage at this offset frequency. To improve the signal to noise ratio, the microwave
signal is also pulse modulated at 10 MHz for synchronous detection. To use the sampler

1.06 pm, 82 MHz Pulse compressor
Nd:YAG Laser ——r__-_ '
Timing stoblizer f—xo] 2 ps
4
A 4
82 MHz

Figure 2: Schematic of the electrooptic sampler

as a network analyzer. we remove the pulse modulation, offset the microwave frequency
by 10 MHz and use a narrowband 10 MHz vector voltmeter.

The measurement bandwidth is set by the optical pulsewidth and the pulse-to-pulse
timing jitter. The pulsewidth is measured with an optical autocorrelator; however,
this does not uniquely determine the pulseshape. A more useful measure of the pulse’s
frequency content is the Fourier transform of its autocorrelation, the power spectral
density (PSD) [9]. The compressed pulse autocorrelation, with a FWHM of 2 ps, has a
-3 dB point of 100 GHz, slightly less than that of an ideal 2 ps FWHM gaussian pulse.

The timing jitter degrades the system performance in two ways, increasing the noise
floor and decreasing the measurement bandwidth {8]. However, using a phase-lock-loop
to stabilize the laser timing with respect to a stable microwave synthesizer, the r.ms.
jitter has been reduced to less than 1 ps with long term drift of about 0.5 ps/minute.
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3. Circuit Applications

Since the sampling system can emulate either a sampling oscilloscope or a network
analyzer, it is ideally suited for circuit measurements on GaAs IC’s. Signal timing.
risetimes, and propagation delays on a number of digital circuits have been measured
[6].[10]. On an 8-bit multiplexer clocked at 2.6 GHz [11], signals on interconnects
as narrow as 2 pm and the bottom of air bridge posts were measured, including the
serial output word of the MUX and the timing of the 8-phase clock. To measure
propagation delays, a test structure consisting a string of 20 inverters for average gate
delay measurements with conventional electronics [12] was probed. By switching the
first inverter with a microwave synthesizer at gigahertz rates, a repeating square wave
rippled through the inverter chain. The probe geam was then positioned at nodes in
the circuit to measure the delays between inverters and between the FET's internal to
individual inverters (see Fig. 3).

B
A /"‘“‘\
//Ni——\ //
1/c
/
A
(IR
= = "
100 ps/div.

Figure 3: Propagation delays through one inverter of the 20-inverter test structure. A: Drive

signal from previous inverter B: Delay through inverting FET, 60 ps C: Delay through buffer
FET and diode-level shifters, 15 ps

More recently the system has been applied to the extensive characterization of mi-
crowave amplifiers [13f. Using the sampler in the network analyzer mode, the small-
signal response at internal nodes was measured (see Fig. 4). Comparing the measured
data to the simulated data , the process-dependent circuit parameters were modified
to obtain a best-fit. Modeled gate termination resistance increased from 50 Q to 80
. and the devices' f, decreased by 14%, for example. The large-signal, saturation
behaviour of the amplifiers was studied using the system as a sampling oscilloscope.
Harmonic distortion at fundamental frequencies as high as 21 GHz was observed.

In the network analyzer mode the sampler measures the vector voltage on the IC.
A network analyzer, however, measures the forward and reverse traveling waves. By
measuring the voltage along a conductor, the forward and reverse traveling waves can
be calculated. Figure 5 shows an example of such a measurement on a transmission
line with two different load terminations. For a line terminated in its characteristic
impedance, the magnitude is constant and the phase varies linearly with slope 3, the
wavenumber, while for a perfect short or open, the magnitude varies sinusoidally. From
this data the reflection coefficient, loss, and dispersion can be calculated. Scanning
perpendicular to the conductor allows for measurement of the potential distribution
(Fig. 6). Note that the potential drops off in roughly the distance of substrate thickness,
350 pm, as expected. The phase shift near the edge of the substrate is evidence of
coupling of the guided wave to higher-order leaky modes.
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4. Conclusion
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We have described an electrooptic sampling system designed for making ultrafast mea-
surements on GaAs IC’s. The system has a measurement bandwidth of 80 GHz, a
timing drift of less than 1 ps. a noise floor of 300 4V (1 Hz), and a spatial resolution
of 2 yum. Using the system as either a sampling oscilloscope or a network analyzer.
we have measured signal timing, risetimes, and propagation delays in digital circuits
with picosecond resolution, frequency response and harmonic distortion in microwave
amplifiers to 20 GHz, and standing waves, propagation constants, and potential dis-
tributions of transmission lines to 40 GHz. The technique has a potential bandwidth
extending past the millimeter-wave range (300 GHz). and future use of this system will
concentrate on the study of new ultrafast GaAs circuits and devices.
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Picosecond Sampling of GaAs Integrated Circuits
K. J. Weingarten, M. J. W. Rodwell, and D. M. Bloom

Edward. L. Ginzton Laboratory
Stanford University
Stanford, CA 94305

1. Introduction

Gallium Arsenide (GaAs) microwave integrated circuits (IC's) are now being developed for
operation in the millimeter-wave range, while GaAs digital IC's have demonstrated
ring-oscillator propagation delays of 5-10 ps, with gate delays of 50-100 ps for larger
scale circuits. Digital IC's are currently tested only by indirect techniques (multi-stage
propagation delay or cycle times), while microwave circuits are tested by external
scattering parameter measurement; if the circuit does not perform to expectations, the
cause is not easily identified. Electrooptic sampling was initially developed to measure the
response of photoconductors and photodetectors faster than the time resolution of sampling
oscilloscopes and used an external electrooptic modulator connected to the device under test
[1,2]. The system developed at Stanford uses the GaAs IC substrate as the electrooptic )
material, permiting detailed internal-node circuit evaluation with picosecond time Y
resolution.
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2.The Sampling System

GaAs is electrooptic; the electric fields associated with conductor voltages induce optical
birefringence, causing a polarization change to a probe beam passing through these fields.
Figure 1 shows the standard probing arrangements. For standard [100] cut GaAs substrates
the probe beam is effected by the longitudinal field components. Passing the reflected light
5N through a polarizer resuits in a change in intensity proportional to the voltage across the
P substrate at the probe point [3]. For frontside probing, the fields extend from the conductor
i-'. roughly the distance of the substrate thickness and the probe spot size is set to
. approximately one-tenth of the substrate thickness to accurately measure the conductor
potential. For backside probing, the characteristic extent of the fields into the substrate is
the distance between the signal conductor and the ground; the substrate thickness must be
. much greater than the signal-ground spacing and the probe spot size should be less than or
: equal to the conductor width.

$ The sampling system is shown schematically in Fig. 2. A Nd:YAG laser produces 1.06 um,

) 90 ps pulses at an 82 MHz rate. The laser has free-running puise-to-pulse timing
&8 tluctuations of 4 ps rms, reduced to less than 0.5 ps rms by a feedback system [4]. A
.- fiber-grating pulse compressor shortens the pulses to 1.5 ps FWHM. The beam passes
through a polarizing beampslitter and two waveplates, then is focused through the IC
substrate with a microscope objective to a 3 um spot on the probed conductor (backside
_',: probing) or a 10 um spot on the ground plane adjacent to the probed conductor (frontside
' probing). The reflected light is analyzed by the polarizing beamsplitter; the change in
intensity is proportional to the voitage across the GaAs substrate [2] and is detected by a
photodiode connected to a vector receiver.
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GaAs Substrate
| =100 um thick
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Ground Plane

GaAs Substrate
. ’ =400 um thick
Fig. t Probing geometries for longitudinal

electrooptic effect in [{100] cut GaAs
substrates. (a) Frontside probing for
microstrip transmission lines (b)
Backside probing for coplanar
transmission lines or digital interconnects

Probe Beam

Nd:YAQ mode-iocked ieser Puise
90 ps, 62 MMz, 1.08 um Compressor
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Microwave
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Microwave Signai

Polsrizing
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V2 N
GaAs

[ Integreted Circuit
10 Mz puise or
phase modulstion
Vector
Receiver

Fig. 2 Schematic of the electrooptic sampler

Photodiode

To drive the IC a microwave synthesizer generates either sinusoidal excitation for
microwave circuits or the clock or data signals for digital circuits. For wafer-level testing
of IC's a microwave probe station (Cascade Microtech Model 42) was modified to allow for
backside electrooptic probing. The transmission line probes used with this test station
allow for repeatable, low reflection connections in a 50 Q environment to 26 GHz. The
synthesizer is set to an exact muitiple ot the laser repetition rate (82 MHz), plus a small
fraquency offset Af; the resulting intensity modulation at the photodiode receiver varies at
this offset rate Af. To enhance the system sensitivity, the synthesizer is also modulated at
10 MHz to allow synchronous detection in a spectral region where low-frequency laser
amplitude noise is below the shot noise limit.
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L 3. Bandwidth and Noise Considerations N
- :
i The system's bandwidth is determined by the optical transit time of the pulse through the f
GaAs substrate where fields are present, the optical pulsewidth, and pulse-to-puise timing &
jitter of the laser with respect to the microwave synthesizer driving the circuit. In general »
the optical transit time of the pulse in the GaAs substrate can be neglected. Because the
optical and microwave dielectric constant in GaAs are nearly equal, microwave transmission :
lines have a cutoff frequency for higher-order modes roughly equal the inverse of the -
optical transit time. Well-designed microwave circuits operate at frequencies well below i
the multimode cutoff frequency. Only when measuring interconnects near or above the :
y cutoft frequency (where dispersive characteristics are of interest) must the optical transit -
y time be considered. N
] Al
. To accurately measure the shape of circuit waveforms, the impulse response of the system o
should be of short duration and free of “wings" (long-duration substructure). Using a 1 km -
fiber in the pulse compressor introduces significant group velocity dispersion, producing a o
more linear frequency chirp [5], reducing the wings on the compressed pulse. To ;
accurately determine the extent of wings on the compressed pulse, the autocorrelation is 3
numerically Fourier transformed to obtain the power spectral density of the pulse. ,‘:
Timing jitter influences both bandwidth and sensitivity; the impulse response of the s
sampling system is the convolution of the optical pulse with the probability distribution of d
its arrival time (neglecting optical transit time), while those Fourier components ot the 9
jitter lying within the detection bandwidth of the receiver introduce noise proportional to : :
the time derivative of the measured waveform as shown in Fig. 3. Stabilization of the laser o
timing is thus imperative for iow-noise measurements of microwave or picosecond signals. ¥
To address this issue a timing stabilization feedback system was implemented to reduce the e
jitter to a level less than the optical pulsewidth. Figure 4 shows the reduction of the timing .
jitter of our faser, measured as phase noise with an RF spectrum analyzer. With the -::
addition of a low-phase noise synthesizer (HP8662) and an improved modelocker the laser o
exhibits jitter of <300 fs rms. e
N
s
\.-
)
4
Fig. 3 A 20 GHz signal, measured with i
the electrooptic sampler. (a) Timing RS
stabilizer on. (b) Timing stabilizer off. ::
Excess timing jitter introduces excess .
amplitude noise, timing error, and 79
reduces measurement bandwidth. N
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\ Fig. 4 Timing jitter measured as phase
! noise measuring the laser output with a

photodiode connected to an RF spectrum
analyzer. Integrating the phase noise
over frequency gives timing jitter.
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To achieve accuracy, repeatability, and fast acquisition of circuit measurements requires
shot-noise-limited sensitivity in the detection system [2]. Low-frequency noise on the
laser contributes excess amplitude noise above the shot noise limit to a frequencies of
several hundred kilohertz. To translate the signal detection to a frequency where this 1/f
laser noise is below the shot noise limit, the microwave signal to the IC is modulated at 10
MHz. With a narrowband 10 MHz vector receiver, the resulting shot-noise-limited
sensitivity is sufficient to acquire measurements at scan rate of 10-100 Hz. For
microwave circuits or simple digital circuits, the input signal is pulse modulated at 10
MHz. For sequential digital circuits which do not operate correctly with chopped excitation,
a small-deviation 10 MHz phase modulation is used. In this case the received signal, ~
proportional to the derivative of the sampled waveform, is integrated in software [6]. i

¢ s
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The puise compressor is also a source of several types of excess amplitude noise.
Stimulated Raman scattering (SRS) with gain proportional to the pump intensity and
interaction length, sets an upper limit to the intensity in the fiber and thus an upper limit
to its compression. However, as the pump intensity approaches the SRS threshold, we
observe a substantial increase in amplitude noise above the shot noise limit on the
compressor output (Fig. 5). The period of the repetitive noise spectrum in this figure
corresponds to the free spectral range of the 1 km fiber; the high gain of the SRS and 4%
Fresnel reflection at each end facet form a parasitic synchronously-pumped fiber-Raman
laser [7]. Self-phase modulation (SPM) occurs over the enter length of the fiber while the
interaction length for SRS is set by dispersion-induced walkoff between the input and
Stokes-shifted wavelengths, approximately 60 meters. This dispersion also causes the 1.06
um pump and the 1.12 um Raman puise to seperate by 1.8 ns over the length of the 1 km
fiber. The weakly reflected Raman puise is further amplified if after its first round trip
through the fiber it is synchronized to within 1.8 ns of a pump pulse. With this condition
A the Raman threshold with the 1 km fiber is 400 mW average power from the fiber output.
; Trimming the fiber length a few inches defeats this synchronism and increases the Raman
threshoid to 700 mW. Wae routinely obtain 50X compression ratios at power levels (350
mW average powaer from the fiber output) well below the Raman threshold.
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forms a parasitic fiber-Raman laser.
/2l y,, = 94 KHz

Center 10 Mz 100 KHz/dlv. 10 KHz Resolution

In addition to SRS the fiber generates broadband polarization noise, possibly arising from
Quided acoustic wave Brillioun scattering [8]. The polarization noise is converted to
amplitude noise after passing through the grating pair in the compressor. Adjusting the
polarization from the fiber to maximize transmission through the grating path resuits in
second-order intensity variations due to polarization fluctuations reducing this excess noise
to a level below the shot noise limit. To suppress polarization drift, the non-polarization-
preserving fiber is placed in a temperature-stabilized environment.

. Circuit M

Propagation delays of switching devices in simple test circuits, measured by either
electrooptic sampling or by conventional methods, are used to project the maximum clock
frequency of these devices used in digital systems; unless the test circuit provides
representative switching voltages, interface impedances, and fan-in/fan-outs, the measured
delays will not correlate weil with the maximum clock frequency of circuits such as shift
registers, binary multipliers, and memory. In particular, the risetime of a single device
driven by a low-impedance photoconductor and loaded by a low-impedance transmission line
will be much shorter than the propagation delay of a logic gate driven by the moderate output
impedance of a driving gate and loaded by the input capacitance of a cascaded gate. The
simplest representative test structures, ring oscillators and inverter strings, load the gates
with unity fan-out and hence give optimisticaly small delay measurements. Ring oscillators
often operate small-signal (without full logic-level swings), however, while inverters
strings allow large-signal operation to be verified. Using such a string of 1 um gate
buffered-FET-logic (BFL) inverters, we have measured large-signal gate propagation
delays of 75 ps (6].

Master-slave flip-flops, connected as binary frequency dividers, operate with realistic
signal levels and loading conditions, and serve as better performance indicators. We have
tested 23 GHz dynamic and 18 GHz static frequency dividers implemented in BFL and
capacitively enhanced (CEL) MESFET logic from Hughes Research Laboratories (9] using the
modified Cascade probe station for electrooptic sampling. These circuits used 0.2 um
e-beam written gates, molecular-beam epitaxy grown channels, air-bridge interconnects,
and optimized feedback to achieve such clock rates. Correct divide-by-two operation was
verified by direct waveform measurement (Fig. 6), gate propagation delays of 30-40 ps
were measured and correlated to maximum clock frequencies (Fig. 7), and the internal
delays through the inverting and source-follower stages of individual BFL gates were
identified.
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Fig. 6 BFL dynamic frequency divider,
clock and output waveforms, clocked at
23 GHz.

Time, ps
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Clock

Fig. 7 BFL static frequency divider
clocked at 10 GHz. Twice the deiay from
the clock to the output sets the circuits
maximum clock frequency.

[ Inverting

>/ node

Relative signal

Time, ps

Configured as a vector voltmeter, the sampler has been used to measure voltage transfer
functions of microwave structures and circuits, including slotted-line measurements of
standing wave ratio (Fig. 8), phase velocity, and lateral potential distribution [10] of
microstrip and coplanar waveguide transmission lines. On GaAs microwave amplifiers,
propagation of microwave signals internal to microstrip and coplanar-wavequide MESFET
distributed amplifiers [11,12] have been measured (Fig. 9), and the gain saturation
behavior of these circuits investigated (Fig. 10).
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Fig. 9 Small-signal gate voltages vs.
frequency of a 5-stage 2-18 GHz CPW
distributed amplifier.
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Fig. 10 Saturation waveform at drains 4
3 and 5 of a 2-18 GHz distrubuted amplifier
at 10 GHz and 1 dB gain compression

16 ps/div.

5, Conclusion

With a pulsewidth of 1.5 ps FWHM and a demonstrated timing jitter <300 fs, the
electrooptic sampler has a measurement bandwidth exceeding 100 GHz. A microwave probe
station has been modified to allow for electrooptic probing of GaAs IC's at the wafer level.
With a spatial resolution of 3 um and a noise floor of 300 uV(1 Hz), the system is suitable
for characterization fo ultrafast digital and analog GaAs IC's, such as inverter chains,
multiplexers, frequency dividers, and microwave amplifiers.
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NONLINEAR TRANSMISSION LINE FOR
PICOSECOND PULSE COMPRESSION AND
BROADBAND PHASE MODULATION

Indexing terms. Integrated circuits, Transmission lines, Phase
modulation

Simulations and scale-model experiments indicate that
shock-wave formation on a GaAs integrated circuit nonlin-
ear transmission line will generate electrical pulses with rise
times less than Sps, and that velocity modulation on the line
will permit broadband phase modulation from DC to
40GHz.

Devices for generation of fast-rise-time electrical transitions
are crucial for high-speed digital and analogue applications
and for wide-bandwidth electronic instrumentation. In partic-
ular, the bandwidth of diode sampling bridges used in sam-
pling oscilloscopes. network analysers and microwave
frequency counters is limited by the rise time of the pulse
gating the diodes. Step-recovery diodes can generate tran-
sitions of 50 ps rise ime and ~ 10V amplitude, while tunnel
diodes can generate steps of 25 ps rise time but with amplitude
{~0-2 V) insufficient for most applications.

The nonlinear charge:voltage relationship of a reverse-
biased semiconductor junction (variable capacitance diode or
varactor) is used for harmonic generation at frequencies as
high as 350 GHz.! If varactors are instead incorporated into a
transmussion line as periodic nonlinear shunt capacitances, a
nonlinear transmission iine is formed. Parametric gain and
shock-wave formation on fully distributed varactor lines was
studied by Landauer’ and Khokhlov.’ Jager and Tegude*
have studied harmonic generation, slow-wave propagation
and parametric amplification on periodic nonlinear lines. We
show, by calculations, simulations and results with a 20:1
scale model, that shock-wave formation on a monolithic
periodic nonlinear line can be used for compression of 25 ps
electrical transitions to rise times less than Sps, and that
velocity modulation on the line can be used for phase
modulation* of carriers from DC to millimetre-wave fre-
quencies.

The device is shown 1n Fig. . A relatively high-impedance
transmussion line of characteristic tmpedance Z, is period-

Rg I

Fig. 1 Nonlinear transmussion line

ically loaded. at electrical spacings of t (in units of time), by
Schottky diodes serving as voltage-dependent shunt capac-
1tances. producing a synthetic transmission line whose propa-
gation velocity 1s voltage-dependent. For input signals v, (1)
such that at all points on the line the propagating wave is of
sufficiently long rise time, the output of the line is’

o) = v, [t = Tiv)] (1
T(r) = n, [LCA)

where n 1s the number of diodes in the line, L = Z,t 1s the
transmission-line inductance per section of line, Cdr) =
[Ciry+ 1 Z,] 1s the total capacitance per section and the
capacitance of a step-junction diode with junction potential
P15 Ciey=Cpy (U1 + 1 0

As an input signal r,(7), a step with inital voltage r,, hnal
voltage v, and nise ume 7, ,. propagates along the line, the
rise ume will at first decrease linearly with distance. As the
pulse rnise time decreases, dispersion ansing from the struc-
ture’s cutoff frequency w, competes with the compression
ansing from the voltage-dependent propagation velocity, and
a final hmited nse ume T, . of the order of but longer than
22w, . 1s reached at which the rise time compression per
section due to hne nonlinearity 1s equal to the rise time
broadening per section due to line dispersion. The output rnise

time is given by

{T,_,,, ~ [Ty - T(ey)]
= max 1

r.min

T

r.our

Line periodicity introduces the dominant cutoff frequency
,,,, given by the implicit relationship

Z,Ci @, 5IN (0, T).2 = €OS {3, T) + | i3

pec

W, =2 \(LC,,)

per

per

where C,, = [Q(r,) — Q(r)] (v, — r)) is the varactor's large-
signal capacitance, and where the approximation holds for
C, » v/ Z,. Increasing w,,, by decreasing the diode spacing t
will decrease both the small-signal characteristic impedance
Zor) = | [L CAr)] and the large-signal characteristic imped-
ance Z,, = [L{C,, + 1 Z )] f we constrain Z,, = 500 then
C,, must scale with Z,r and w,,, is then limited by litho-
graphic constraints on the minimum varactor size. The varac-
tor series resistance r, introduces a varactor cutoff freq-
uency of w, =1 r,C,, limung the compressed rise time to
~22r,C,> Finally, both analysis®*® and experimental
results®” indicate that pulse broadening due to transmission
line dispersion and skin impedance is small relative to that
due to line periodicity.

Schottky diodes with terahertz r C cutoff frequencies are
readily integrated with microstrip or coplanar waveguide
transmission lines on GaAs substrates. A nonlinear transmis-
sion line incorporating 60 diodes with C, = SOfF (active area
S x Sum on material with 3 x 10'® cm?® doping) at 160 um
spacings (r = 1-4ps} along a 9002 coplanar waveguide has a
large-signal charactenstic impedance Z, of SUQ for a 0-2V
step. The periodic-line cutoff frequency of 140 GHz, an order
of magnitude smaller than typical varactor cutoff frequencies,
should result in a minimum compressed rise time of the order
of ~0-35140GHz = 2 Sps. more accurate nonlinear circuit
simulations using SPICE indicate that a 2V step-function
input with 25 ps rise time will produce an output rise time of
4 ps.

We have constructed a 20:1 scale model of the proposed
monolithic device, using 45 silicon abrupt-junction diodes
with C, = 1 pF and ¢ = 0.8V at 28 ps spacings along a 90Q
microstrip transmission line. Because the diode polanty on the
scale model 1s reversed from that of Fig. I, the scale modei
compresses negative transitions. The measured group delay
T(r) varies from 2 2ns to 1'7ns and Z,(v) varies from 450 to
582 as the bias is varied from 0V to —3 V. In simulaiions the
scale model compresses 0V to —2V transitions of 360 ps fall
time to 80 ps output fail ume. To compress the slower 525 ps
transitions available from our pulse generator, the input pulse
initial voltage 1s increased to 0-S V. increasing the line’'s com-
pression [T(r,) — T(r,)]. The bias change increases C, and
hence decreases «,,,. the resuiting compressed output fall ime
is 100 ps (Fig. 2). A step-function input ts not necessary for fast
edge generation; driving the line with a 15dBm 300 MHz sine
wave with — 125V bias generates a sawtooth output wave-
form with 100 ps fall ime.

The nonltnear line 15 also a broadband voltage-controlled

[y

1

Ot nput

R
>

.2

output
-3
b e J——
02 04 06 08 0

ns 2L

Fig. 2 Measured compression of S25ps input fall nme to [0 ps out put
tall ime on 20 [ scale model
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linear phase-shifter; at frequencies from DC to ~W,.4 the
line provides constant voltage-controlled group delay and
small insertion loss, while Z, shows only a small variation
with voltage. Superimposing on the line a DC bias plus carrier
and modulation frequencies results in phase modulation. The
carrief w,, modulation w,, and generated sidebands w, + nw,,
are phase-matched provided that all these frequencies are
much less than @,,,; thus the phase modulation is broadband
in both the carrier and modulation frequencies. By eqn. |,
spurious harmonics of w, and w,, are generated; second- and
third-order intercepts for the scale model are +12 and
+10dBm at 1 GHz and — 1V bias. On the 20:1 scale model,
carriers from 100 MHz to 2-5GHz were phase-modulated at
frequencies from 10 MHz to 1 GHz (Fig. 3); a monolithic non-
linear line should provide broadband phase modulation from
DC to ~40GHz

10dB/div

e

(GHR)}
Fig. 3 2-5GH: carrier phase-modulated at 200 MHz by scale-model
nonlinear line

Centre = 25GHz, span = 1 GHz

Diode sampling bridges are currently driven by 25-50ps
steps from step-recovery diodes; if a nonlinear line com-
pressed these steps to 4ps rise time, the bandwidth of sam-
pling oscilloscopes. network analysers and frequency counters
would be extended to 100GHz. As a phase modulator or
voltage-controlled phase shifter monolithically integrated on

GaAs with Schottky diode mixers and FET amplifiers, the
nonlinear line should find broad application in microwave
and millimetre-wave systems.
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MICROWAVE MEASUREMENTS OF GaAs INTEGRATED CIRCUITS
USING ELECTROOPTIC SAMPLING

K. J. Weingarten, R. Majidi-Ahy, M. J. W. Rodwell, B.A. Auld, and D. M. Bloom

Edward. L. Ginzton Laboratory
Stanford University
Stanford, CA 94305

Abstract

We describe the electrooptic sampling system at Stanford with
emphasis on the requirements for microwave measurements.
Results presented include internal-node measurements of
20 GHz distributed amplifiers, propagation delays in GaAs
frequency dividers clocked to 18 GHz, and VSWR on IC
wansmussion lines to 40 GHz.

Introduction

Gallium Arsenide (GaAs) microwave integrated circuits (IC's)
now operate at millimeter-wave frequencies, while GaAs digital
IC’s operate with clock rates at microwave frequencies up to
18 GHz. Digital IC's are currently tested only by indirect tech-
niques (mulni-stage propagation delay or cycle times), while mi-
crowave circuits are tested by external scattering parameters; if
the circuit does not perform correctly, the cause can only be in-
ferred from its external response. Electrooptic sampling was
initially developed to measure the response of photoconductors
and photodetectors faster than the time resolution of sampling
oscilloscopes and used an external electrooptic modulator con-
nected to the device under test in a hybrid fashion [1,2]. The
system developed at Stanford uses the GaAs IC substrate as the
clecrooptic material, permitting detailed internal-node circuit
cvaluation with picosecond time resolution.

The Sampling System

GaAs is electrooptic; the electric fields associated with conduc-
tor voltages induce optical birefringence, causing a polarization
change to a probe beam passing through these fields. Figures 1
and 2 show the cross-secton of typical probing geometries. For
standard {100] cut GaAs substrates the probe beam polarization
is affected only by the longitudinal field components. The beam
is focused through the IC substrate where its polarization is
modulated by the voltage across the substrate at the test point.
The reflected light is passed through a polarizer and its intensity
detected by a photodiode. The probe beam polarization is
adjusted to the linear region of the intensity transmission of the
polarizer, resulting in a change in intensity at the photodiode
proportional to the voltage across the substrate at the probe
point [3].

For frontside probing, suitable for microstrip ransmission lines,
the fields extend from the conductor roughly the distance of the
substrate thickness; the probe spot size is set to approximately
one-tenth of the substrate thickness to accurately measure the
conductor potential. For backside probing, suitable for planar
transmission lines and wire interconnects, the charactenistic
extent of the fields into the substrate is the distance between the
signal conductor and ground; the substrate thickness must be

much greater than the signal-ground spacing (a requirement met
by good high-frequency IC design) and the probe beam spot
diameter should be less than or equal to the conductor width.
An additional requirement on the IC is that the backside of the
wafer be sufficiently polished to allow for passage of the probe
beam with negligible scattering.

{100] Probe Beam
;

Conductor

GaAs Subsirate
, =100 um thick
U

Ground Plane

Fig. 1 Frontside probing for microstrip transmission lines.
Typical conductor widths are 40-70 ums.

[100]

Signal Gnd

GaAs Substrate
=400 pm thick

Probe Beam

Fig. 2 Backside probing for planar transmission lines and wire
interconnects. Conductor widths may be as small as 2 ums.
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The sampling system is shown schematically in Fig. 3. A
commercially available, mode-locked Nd:YAG laser produces
1.06 um, 90 ps pulses at an 82 MHz rate. The laser has free-
running pulse-to-pulse timing fluctuations of 4 ps rms, reduced

Photodiode

et

e l,‘
’

.(.j . _ 4

Y
N

g

Ly

to less than 300 fs rms by a phase-lock-loop feedback sys- :{g’ﬁci%'oﬁslffoﬁ&'ﬁ}cflﬁ’obgﬁ;° is 3 ps. comesponding to a 3 ‘:"
tem [4]. A fiber-grating pulse compressor shortens the pulses ’ R
to 1.5 ps FWHM (full width at half maximum) 5,6]. The beam The compressed pulsewidth, 1.5 ps FWHM, is measured with S
passes through a polarizing beamsplitter and two waveplates to an optical autocorrelator and calculated assuming a gaussian ’
adjust its polarization, then is focused through the IC substrate pulseshape. However, a more quantitative estimate of the spec- o
with a microscope objective to a 3 jim spot on the probed con- tral content of the pulse is determined by numerically Fourier .
ductor (backside probing) or a 10 um spot on the ground plane transforming the autocorrelation. This calculation gives the
adjacent to the probed conductor (frontside probing). The re- power spectral density of the pulse with no assumption about the o
flected light is analyzed by the polarizing beamsplitter; the pulseshape.
change in intensity, proportional to the voltage across the GaAs
substrate, is detected by a photodiode connected to a vector re- Timing jitter influences both bandwidth and sensitivity; the im- -
celver. pulse response of the sampling system is the convolution of the »

. . ) . ) optical pulse with the probability distribution of its arrival ume gy
To drive the IC a microwave synthesizer generates either sinu- (neglecting optical transit time), while those Fourier components N
soidal excitation for microwave circuits or the clock or data sig- of the jitter lying within the detection bandwidth of the receiver 2
nals for digital circuits. For wafer-level testing of IC's a mi- introduce noise proportional to the time derivative of the mea- S
crowave probe staton (Cascade Microtech Model 42) was sured waveform [4). Stabilization of the laser timing is thus g
modified to allow for backside electrooptic probing. The imperative for low-noise measurements of microwave or pi- o
transmission line probes used with this test station allow for cosecond signals. To address this issue a timing stabilizaton e
launching a signal on the IC with repeatable, low reflection feedback system was implemented to reduce the jitter to a level ’
connectons in a 50 Q environment to 26 GHz. The synthesizer  |ess than the optical pulsewidth. Figure 4 shows the measured N
is set 10 an exact multiple of the laser repetition rate (82 MHz),  phase noise of one harmonic of the laser with an HP 8662 low- At
plus a small frequency offset Af (1-100 Hz); the resulting phase noise synthesizer as the reference for the feedback system. w2t
intensity modulation at the photodiode receiver varies at this Integrating the phase noise allows calculaton of the jitter in time, -~
slow offset rate Af. To enhance the system sensitivity, the syn- less than 300 fs rms. A
thesizer is also modulated at 10 MHz to allow synchronous de- N

tection in a spectral region where laser amplitude noise
approaches the shot noise limit.

Measurement bandwidth/time resolution

The system's bandwidth is determined by the optical transit time
of the pulse through the GaAs substrate where fields are present,
the opdcal pulsewidth, and pulse-to-pulse timing jitter of the
laser with respect to the microwave synthesizer driving the cir-
cuit. In general the optical transit time of the pulse in the GaAs
substrate can be neglected for microwave IC's. Because the
optical and microwave dielectric constant in GaAs are nearly
equal, microwave transmission lines have a cutoff frequency for
higher-order modes roughly equal the inverse of the optical

Measurement sensitivity

To achieve accuracy, repeatability, and fast acquisition of circuit
measurements requires shot-noise-limited sensitivity in the
detection system (2]. Low-frequency noise on the laser con-
tributes excess amplitude noise above the shot noise limit o a
frequencies of several hundred kilohertz. To translate the signal
detection to a frequency where this 1/f laser noise is below the
shot noise limit, the microwave signal to the IC is modulated at
10 MHz. With a narrowband 10 MHz vector receiver, the re-
sulting shot-noise-limited sensitivity is sufficient to acquire
measurements at scan rate of 10-100 Hz with a typical voltage
sensitivity of 100-300 uV~Hz. For microwave circuits or
simple digital circuits, the input signal is pulse modulated at 10
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.
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transit time. Well-designed microwave circuits operate at fre-  MHz.  For sequential digital circuits which do not operate g

quencies well below the multimode cutoff frequency. Only  corectly with chopped excitation, a small-deviation 10 MHz N

when measuring interconnects near or above the cutoff frequen-  phase modulation is used. In this case the received signal, pro- »

cy (where dispersive characteristics are of interest) must the op- portional to the derivatve of the sampled waveform., is integrat- —

ucal ransit time be considered. For example, the optical transit ed in software [7]. Ta
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per |
div. [ \ i —1
[ | 1
| <300 ts rms jitter
/[
W
FUSER SSpma syyepy W i

Center 1.64 GHz 1 KHz/div. RAesolution 100 Hz

Fig. 4 Laser intensity phase noise at the 20% harmonic of the
pulse repetition rate, measured with a photodiode and RF
spectrum analyzer. The noise floor of this measurement is
instrumentation limited, giving an upper limit for the iming jitter
of 300 fs rms.

The pulse compressor is also a source of several types of excess
amplitude noise, due to stimulated Raman scattening (SRS) and
temperature-induced polarization drift in the non-polarization-
preserving fiber [8]. These noise sources are avoided by
keeping the optical power in the fiber well below the Raman
threshold and by temperature stabilizing the fiber to suppress
polarization drift.

Circuit Measurements

Configured as a vector voltmeter, the sampler can measure volt-
age rransfer functions of microwave structures and circuits, in-
cluding measurements of standing wave rato, phase velocity,
and lateral voltage disaibudon of microsuip [9] and coplanar
waveguide transmission (CPW) lines. On GaAs microwave
amplifiers, propagation of microwave signals internal to
microstrip and coplanar-waveguide MESFET distributed ampli-
fiers (Fig. 5)(10,11] have been measured.

The sampler measures the standing-wave voltage on a conductor
due to the sum of the forward and reverse wraveling waves

V(z)= V+e-iBz 4 V-etibz

where V*+ and V- are the forward and reverse traveling
coefficients, 8 is the wavenumber, and z the posidon. For a
one-port transmission line the ratio of the traveling wave coeffi-
cients V* and V- is the reflection coefficient I',or Sy; , the
insertion loss. To determine this ratio we have measured the
voltage as a function of position along the conductor and then
numerically fit the data to obtain a minimum mean-square-error
estimate of the traveling wave coefficients (Figs. 6 & 7.)

The sampler can also be used as a time-domain instrument to
measure internal-node waveforms in the IC. We have measured
propagation delays on on digital circuits clocked at microwave
frequencies such as an 18 GHz static frequency divider (from
Hughes Research Labs(12),{13)}, gain saturation of distributed
amplifiers (from Varian Research[11]), and frequencies to 40
GHz on ransmission lines (Fig. 8). This type of ime-domain
information can be obtained with neither a sampling oscilloscope
(due to limited bandwidth) nor a network analyzer (small-signal
response only.)

A A AR S S S S S B S |

Relative response, dB
L ‘
o (v}
e

-15

Frequency, GHz

Fig. 5 Frequency response of internal gate nodes and
termination in a S-stage distributed amplifier. The ripple is due
1o standing waves on the conductor, the rolloff at 18 GHz is due
to the cutoff of the periodically loaded gate line, and the droop in
the magnitude is loss due to FET input conductance.

Conclusion

With a pulsewidth of 1.5 ps FWHM and a timing jitter <300 fs,
the electrooptc sampler has a measurement bandwidth exceeding
100 GHz. A microwave probe station, modified to allow for
elecooptic probing of GaAs IC's at the wafer level, has been
used to characterization ultrafast digital GaAs IC's clocked at
microwave frequencies and microwave IC's such as distributed
amplifiers. Directivity for network analyzer type measurements
is obtained by scanning the probe along transmission line
conductors to calculate the forward and reverse traveling wave
coefficients from the voltage standing wave. We have
experimentally verified this technique for a one port, terminated
transmission line to millimeter-wave frequencies. Extension of
this technique to two-port measurements of devices and circuits
will allow for full S-parameter measurements with the reference
tElanc on the IC, avoiding complex de-embedding of IC test
ixgures.
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Optical Detection of Charge Modulation in Silicon
Integrated Circuits Using a Multimode
Laser-Diode Probe

B. R. HEMENWAY, H. K. HEINRICH, J. H. GOLL. Z. XU, ano DAVID M. BLOOM, FELLOW. iEEE

Abstract—This paper reports on the detection of sheet charge densities
in silicon devices using an improved noninvasive optical probe based on
the detection of free-carrier optical dispersion using a multilongitudinal-
mode 1.3-um semiconductor laser. The improved system incorporates a
differential detection technique and a Wollaston prism that allows the use
of the multimode laser. These changes increase stability, sensitivity, and
bandwidth, allow near shot-noise limited operation, reduce required
optical power, and simplify the apparatus. The technique can be applied
to probe electronic signals or, conversely, to moduilate light using
controlled electronic signals. Simple demonstrations of each application
are presented.

HILE the operation of standard semiconductor devices

is well understood on the basis of highly developed
models, corroborative experimental techniques that directly
access the internal parts of the devices have not been available.
Such techniques are especially appealing in the development of
complex high-performance devices such as resonant tunneling
diodes and quantum-well devices, where our understanding of
the device physics is less mature. Also, noninvasive access to
internal nodes within integrated circuits can help determine
logic states. signal levels. and investigate latch-up, heating,
and other problems. Recently [1}. [2], we reported an optical
probe which, working on the principle of free-carrier optical
dispersion in semiconductors, provides information not availa-
ble at the device terminals and thus makes new kinds of tests
possible. This letter describes improvements made to the
optical probe and demonstrates the detection of single-shot 25-
Mbit/s modulation of sheet charge densities in a bipolar
transistor. We now use a multimode 1.3-um semiconductor
laser. and have increased sensitivity, stability. and noise
performance. A sccond application—using electronic signals
applied to the silicon to modulate light—has been identified.
This 1s illustrated by an optical modulator based on a planar
silicon n-p-n transistor. We observed a peak-to-peak ampli-
tude modulation index of 9.8 percent at 25 Mbit/s with signal-
to-notse ratio exceeding 6:1.

The improved optical probe is depicted in Fig. 1. New
elements include a multilongitudinal-mode 1.3-um InGaAsP
laser, a quartz Wollaston prism, coated high numerical
aperture lenses, and two photodiodes for differential detection

Manuscript received March 24, 1987, revised May 21, 1987 This work
was supported by the Joint Services Electronics Program under Contract
NOOO[4-84-k-0327

The authors dare with the Ginzton Laboratory, Stanford University.
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Fig. 1. Schematic diagram of improved charge-sensing optical system. with

multimode laser, Wollaston prism. and differential detection.

of the polarized optical beams. The Wollaston prism separates
the incoming beam into two orthogonally polarized beams,
with a divergence angle of 3.8 mrad. The relative phase shift
between the two beams is adjusted by translation of the prism
to a point of maximum sensitivity. Optimum sensitivity is
achieved when, in the absence of a signal applied to the silicon
device. the light returning to the Faraday isolater in Fig. 1 is
circularly polarized. For a given laser mode, this is achieved
when the relative phase shift induced by a round trip through
the Wollaston prism and test wafer is an odd multiple of 7/2.
With multimode lasers, it is not possible to meet this condition
simultaneously for all modes. However, when the relative
phase shift for one mode is #/2 or a small odd multiple of x/2
the optimum bias condition can be met to good approximation
for all modes. This can also be understood by noting that the
path difference for the two beams should be short compared to
the laser coherence length.

The *'probe’” beam is focused to a 3-um spot in a device
area where the time-varying charge density modulates the
phase of the beam by free-carrier dispersion. The *reference’’
beam is focused 30 um away. onto an inactive area where
there is no modulation of the beam. Both beams reflect from
the front surface and return through the substrate. The
reflective surface of the wafer need not be metalized. but the
back surface must be polished. The beams are recombined in
the Wollaston prism. The relative phase shift induced by the
charge in the silicon device results in elliptical polarization in
the recombined beams. (That is. there is a deviation from the
circular polarization with no signal on the silicon device.) This
polarization modulation is converted to amplitude modulation
by the polarizing beam splitters in the Faraday isolator. The
detected signals at the two photodiodes are 180° out ot phase.
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The net relative phase shift of the two beams is found by
integrating the local refractive index along their paths. The
change in refractive index due to free-carrier disperion is

given by
n- Mg, [ Ne N, ]
2.2 ' *
8w-ce, [ m*x m¥

where q is the electronic charge. N, is the vacuum wavelength.
ny 1s the refractive index. e. is the material permttivity. N, and
Ny, are the local time-dependent free electron and hole
concentrations, and m* and m¥ are the carrier effective
masses. The change An causes a modulation of the nominally
circular polarization in the return beam and generates in the
photodetectors two signals that are 180° out of phase. The
signals pass through separate 46-dB gain 1-200-MHz low-
noise amplifiers and are combined in a differential amplifier
with 1-dB gain. Common-mode noise is virtually eliminated
by this differential detection scheme.

Improvements in the probe performance are substantial.
The Wollaston prism allows the use of a multimode laser
diode. With a single wedge {2], static birefringence leads to a
differential path delay between the two beams and mode
partition noise from the laser renders the system useless. The
Wollaston prism equalizes the path lengths and allows the use
of a multimode laser. (The previous system used a Nd: YAG or
a single-longitudinal-mode semiconductor laser.) The new
system is much less sensitive to mode fluctuations giving a
received signal that is more stable and depends to first order
only on laser intensity. Differential detection has virtually
doubled the signal voltage with only a 1.3-dB increase in the
noise. Sensitivity to intensity noise in the laser 1s also greatly
reduced. Finally. the coated lenses increase optical efficiency.
The system noise floor can now be adjusted to within 2 dB of
the Johnson noise limit. which in our system 1s about 7 dB
above the shot-noise limit. The system exhibits some addi-
tional laser-induced noise caused by variations in temperature
and optical feedback. A better 1solator and temperature control
should minimize this problem.

Modulation efficiency in this system is high enough to
suggest that data communication could be accomplished using
an on-chip silicon modulator. This was demonstrated using a
planar stlicon n-p-n transistor. We injected a 25-Mbit/s digital
RZ data stream into the base of a common-emitter transistor
circuit. The emitter area was 11 x 11 pm-* and peak current
was 130 mA. The applied base voltage is the lower trace in
Fig. 2. The upper trace is the received optical signal after
amplification without equalization when the probe beam was
positioned in the base. The modulation index is 9.8 percent
peak to peak relative to the static light level with a signal-to-
noise ratio exceeding 6:1.

The baseline wander seen in Fig. 2 could cause timing or
data errors in the receiver. This is caused by the 1-MHz low-
end cutoff in the amplifier and also by heating; modulation of
current changes the temperature profile near the beams and
therefore the index ot refraction. The dynamic response of this
thermal modulation causes a frequency-dependent difference
in the phase of the two beams. This appears in the received
signal. The effect can be mimmized by bringing the beams

A i S A R S B e e i e T I

%
ouT 200mv
—t
IN 2V
—
Fig 2 Lower trace’ Real-time ‘oltage signal input to base of transistor

Upper trace. Response of swvstem at output of differential umpiitier
Horizontal scale 1s 50 ns div.

—' |,
X X X X X
I

Fig 3 Lower race. Eye diagram of pseudorandom Manchester-coded bit
sfream input to base of transistor Upper trace. Eve diagram ot received
optical signal  Honzontal scale 1s 20 ns div

closer together. placing them in approximately the same
thermal environment. A computer model of the effect shows
that. for our configuration. the thermal contribution to the
observed signal 1s large at dc but has a corner frequency at
approximately 1 MHz and then rolls off at 30 dB-decade. The
thermal effect 1s therefore expected to be negligible at higher
frequencies. This behavior is verified by experiment. How-
ever, in a different context. one may wish to use this dc
sensitivity to examine remotely the temperature profile in an
active integrated circuit.

Despite the thermal etfect. one can use silicon as an etficient
broad-band optoelectrontc modulator by appropnately coding
the input data stream. Manchester coding at clock rates above
5 MHz effectively eliminates the thermal effect because of the
negligible spectral content of the data stream at frequencies
where heating is important. The penalty is a maximum data
rate reduced by half. Fig. 3 is the eye diagram of a
pseudorandom optical Manchester-encoded bit stream injected
into the base at 25 Mbit/s using the same configuration as for
Fig. 2. The lower trace is the input eye diagram. and the upper
trace 1s the received eye diagram. The received eve is open.
with a signal-to-noise ratio of greater than 6:1. indicating an
expected bit error rate of less than 10-°. The associated
modulation index 1n this planar structure is 9.8 percent.
(Modulation depth for 0.8-V ECL signals in the base 1s
typically 3—4 percent.)

This experiment suggests that optical data communication
could be implemented using on-chip modulators based on the
plasma optical effect. Practical systems would likely require
higher data rates and monolithic optical implementation. We
are currently developing new monolithic device structures that
do not require external optics to achieve intensity modulation
and that can operate at higher data rates. In addition. all
semiconductors exhibit free-carrier optical dispersion to some
degree. For example. in GaAs the small values of the etfective
masses and relatively large bandgap suggest that the ettect w 1!
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In summary. refinements to the charge-sensing optical authors wish to acknowledge M. Rodwell and R.

probe system now allow the use of a multimode !.3-um Marsland for technical assistance.

serniconductor laser. Differential detection increases the sig-
nal-to-noise ratio. We show that a planar silicon bipolar
transistor can be used as an optical modulator using free-
carrier dispersion and demonstrate a communications channel [ :lbolir; 'f‘f;;‘mh- B. R. :‘eml‘“,‘”"ya K. lf\_- McGroddy. and D M
it 25 Mbis with a signaltomoise rati of 6:1 and a oo “Messremen of rabume dgtl gl i s bl
modulation index of 9.8 percent. We believe these improve- vol. 22, no 12, pp. 650-652. 1986.

ments will lead to new methods in the testing of VLSI circuits (2] H. K. Heinnch. D. M. Bloom. and B. R. Hemenway. **Nomnvasive

. . . X - . sheet charge density probe for integrated silicon devices.”” Appl. Phys.
and in the use of free-carrier dispersion for silicon optical Lett.. vol. 48. no. 16, pp. 1066-1068. Apr. 1. 1986. also.

modulators. “Erratum.’” vol. 48, no. 26. p. 1811, June 30. 1986
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Abstract 'l::'.
Picosecond electrical transients were generated by shock-wave formation on a GaAs .,
monolithic nonlinear transmission line. An output falltime of 7.8 ps was generated by a :-::
s
single line driven at 15 GHz (20 ps input falltime), while 3.7:1 compression to 10.1 ps was \,:f'
W
attained for two cascaded lines. »
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Picosecond pulse generators are central components for wide-bandwidth time-domain
electronic measurements, including waveform sampling and picosecond metrology, and in
high-speed analogue applications. Step-recovery diodes, generating ~ 10V transitions of
35 ps risetime, are used for gating diode sampling bridges while tunnel diodes. with ~ 0.2V
transitions of 25 ps risetime, frequently generate the test pulse in time-domain reflectome-
ters. Fast electrical transients can also be generated by nonlinear wave propagation [1-3].
Previously, we had proposed a GaAs monolithic nonlinear transmission line for compres-
sion of a 25 ps input to 4 ps output falltime, and had demonstrated compression from 500
ps to 100 ps on a 20:1 scale model [4]. We now report generation of electrical waveforms
with 7.8 ps falltime on a monolithic structure.

The circuit diagram is shown in figure 1a. A transmission line with characteristic
impedance Z; > 5082 is periodically loaded, at electrical spacings of r (in units of time),
by Schottky varactor diodes , producing a synthetic transmission line whose characteristic
impedaace Zy(v) = \/L/C—T(v) and group delay T'(v) = nm are voltage-dependent.
L = 2,7 and C; = 7/Z; are the transmission-line inductance and capacitance per section
of line, and n is the number of diodes in the line. The total capacitance per section
Cr(v) = (C;(v)+Ci) where the capacitance of a step-junction diode with junction potential
¢ is Cj(v) = Cjo/ /1~ v/4.

The voltage-dependence of the group velocity results in compression of the falltime
of electical wavefronts as they propagate on the line. For an input waveform having a
negative-going transition with initial voltage vp, final voltage v;, and falltime T ;,, the

falltime at the output of the line will be [4]

Ttin — (T(v1) = T(va))

J.min

Ty out = ma.x{

The minimum compressed falltime T} min ~ maz(l/wper, 1/wee) is set predominantly
by the periodic-line cutoff frequency wp., = 2/\/LCr = 2/Z¢Cr and the varactor rc cutoff
frequency w,e = 1/r,C;(v), where r, is the varactor series resistance. With monolithic
fabrication on GaAs, w,. and wp., on the order of 0.1-1 THz are feasible (5], permitting
compressed falltimes on the order of 1-10 ps.

The monolithic device (figure 1b) incorporates 42 diodes with ¢ = 0.8V and C;¢ = 50
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fF at 160 pum spacings (v = 1.4ps) along a 90Q coplanar waveguide transmission line,
resulting in a 140 GHz periodic-line cutoff frequency. By calculation, the characteristic
impedance Zy(v) varies from 44 to 55Q and the group delay T(v) changes 25 ps as the
line voltage varies from 0 to -2 volts. Circuit simulations using SPICE indicate that, given
negligible diode series resistance, a 2 V step-function input with 20 ps falltime will produce
an output falltime of 4 ps.

A cross-section through a diode is shown in figure 1d. Schottky diodes are formed on
MBE material with a 0.6um N- active layer (3 x 10!¢/cm3 doping). A buried 0.8 um N+
layer (3 x 10*3/cm3 doping) provides both the diode cathode connection and a resistive
connection between the two coplanar waveguide ground planes, suppressing the slotline
mode. Fabrication requires three mask levels with 10um design rules. Ohmic contacts
having 0.03Q—mm resistivity are formed by a 0.75um recess etch, a self-aligned (88% Au-
12% Ge)/Ni/Au liftoff, and a 450°C alloy. Proton implantation [6] using both 190 keV,
6 x 10**/em? and 160 keV, 1.5 x 10**/cm?, provides > 40MSQ per square isolation. During
implantation, a 1.6um Au/ 1.4um polyimide mask [6] protects the ohmic contacts and the
diode active region. The interconnections are formed with a 0.1um Ti/ 0.1um Pt/ 1.4um
Au liftoff. Schottky diodes are formed in 10um x 10um regions where the interconnect
metal overlaps unimplanted N- material (figure 1c).

Circuit element values for the completed devices were established through I-V, C-V,
and small-signal scattering parameter measurements. The diode series resistance, r,, is
10Q while C-V characteristics conform to those of a C;, = 50fF, ¢ = 0.8 V step-junction
diode shunted by a 14 fF layout capacitance. In addition, Z, = 802 and = = 1.5 ps. Series
resistance of the 6.7mm x 10 ym transmission-line center conductor is 129. Due to these
parameter variations, Zy(v) varies from 40 to 4902 and the group delay T(v) changes 23 ps
as the line voltage varies from 0 to -3 volts. The large r, results in significant attenuation
(5 dB at 15 GHz) for these prototype devices.

Because a 35 ps step-recovery diode was not available, the lines were tested with
sinusiodal excitation applied through microwave wafer probes, providing a continuously
adjustable input 10%-90% falltime of 0.3 cycles. The formation of shock-waves is similar

to that occuring with step-function excitation. Voltage waveforms at points internal to the
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structure were observed by direct electrooptic sampling (7], a noninvasive optical technique

with 2 ps time resolution. A single 42- diode line reshaped a 7.5 Vp-p, 15 GHz input (20 ps
input falltime) to a sawtooth waveform with a compressed output falltime of 7.8 ps (figure
2). With a 8.5 Vp_,, 8 GHz input (37.5 ps input falltime), two cascaded lines produced
3.7:1 compression to 10.1 ps output falltime (figure 3). In these measurements the line DC
bias was set so that the diodes were on the threshold of forward conduction at the peak
positive excursion of the input waveform. The 7.8 ps minimum compressed falltime is due
to the 102 diode series resistance resulting from the 10um spacing between ohmic and
Schottky contacts. In SPICE simulations using the measured circuit parameters, a 7.6 ps
falltime is predicted for r, = 1092 , 6.0 ps for 5Q, and 4.3 ps for 0Q. With layout redesign,
we expect to reduce r, and to increase wp,, attaining compressed falltimes approaching 1
ps.

The bandwidth of diode sampling bridges is primarily limited by the risetime of the
gating pulse; with integration of a Schottky diode sampling bridge gated by a nonlinear
transmission line, the bandwidth of sampling gates used in sampling oscilloscopes, network
analysers, and frequency counters could be extended to 100 GHz.

Acknowledgements: This work was supported by the US Office of Naval Research
under grant N00014-85-K-0381. Thanks to K.J.Weingarten for his assistance with the
electrooptic measurements, and to R. Anholt (Stanford), D.C. D’Avanso and T. Taylor (
Hewlett-Packard Co.) for guidance with the proton implantation. M. Rodwell acknowl-
edges an |BM fellowship.
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Figure Captions:

Figure 1: Nonlinear transmission line circuit diagram (

a), layout (b), diode top vi
(c), and diode cross-section (d). o

Figure 2: Compression of 15 GHz input to 7.8 ps output falltime

Figure 3: Compression of 8 GHz mnput to 10.1 ps output falltime with 2 cascaded
lines.
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1. Introduction

The development of advanced GaAs devices and integrated circuits has been spurred by a number of applications,
including microwave and millimeter-wave radar and communication systems, fiber optic digital data transmission at
gigahertz rates, high-speed data acquisition, and the constant push for faster digital logic in high-speed computers and

signal processors; the IC's developed for these applications are creating new demands upon high-speed electronic in-
strumentation.

One demand is for increased instrument bandwidth. GaAs MESFET's have demonstrated a maximum frequency of os-
cillation, fmax, in excess of 110 GHz [1], while pseudomorphic InGaAs/AlGaAs modulation-doped field-effect transis-
tors [2] have shown power-gain bandwidth products which extrapolate to give fmax ~ 200 GHz, resonant tunnelling
diodes have oscillated at 56 GHz [3), and heterojunction bipolar transistors and permeable base transistors currendy
under development should show similar performance. Because the maximum frequency of oscillation of these devices
is often greater than the 100 GHz bandwidth of commercial millimeter-wave network analyzers, finax is estimated by
extrapolation from measurements at lower frequencies. Used as switching elements, propagation delays and transition
times of 1-10 ps should be expected for these devices, well below the resolution of commercial sampling oscil-
loscopes. In either case the device bandwidth exceeds that of the measurement instrument.

A second demand is for noninvasive access to the internal signals within high-speed integrated circuits. GaAs digital
integrated circuits of MSI (medium-scale integration) complexity and 1-5 GHz clock rates are now available commer-
cially, as are GaAs monolithic microwave integrated circuits (MMIC's) of SSI (small-scale integration) complexity and
1-26 GHz bandwidths. More complex LSI (large-scale integraticn) digital circuits are under development, and experi-
mental SSI digital circuits operating with 18 GHz clock rates [4] have been demonstrated. In contrast to silicon LSI
integrated circuits operating at clock rates in the tens and hundreds of megahertz, the development of GaAs high-speed
circuits is hampered both by poorly refined device models and by layout-dependent circuit parasitics associated with the
high frequencies of operation, A test instrument providing noninvasive measurements within the integrated circuit
would permit full characterization of such complex high-speed IC's.

These issues have motivated a number of researchers to investigate alternative test techniques, both to increase
measurement bandwidth and to allow internal testing of IC's. This paper begins with a review of conventional test
methods and instruments, summarizes several new test techniques for IC's, and then describes in detail the principles,
capabilities, and IC measurement results of direct electrooptic sampling, a measurement technique that allows for
intemnal-node voltage measurements in GaAs IC's with picosecond time resolution, corresponding to bandwidths in
excess of 100 GHz.

1.1. Electrical test methods

We begin by considering the limitations of conventional test instruments. Their capabilities and characteristics are de-
termined by two features - the IC probe that connects the test instrument to the circuit and the test instrument itself.
The IC probe has its own intrinsic bandwidth that may limit the test method. In addition, the probe also determines an
instrument’s ability to probe internal to the IC due to its size (limiting its spatial resolution) and influence on circuit
performance (loading of the circuit from its characteristic and parasitic impedances.) The test instrument sets the avail-
able bandwidth given perfect IC probes or packaged circuits, and defines the type of electrical test, such as measuring
time or frequency response.
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Connection of a test instrument to an IC begins with the external connectors, typically 50 € coaxial cable with a mi-
crowave connector, such as SMA and APC-3.5, siandard microwave connectors, or K-connector and APC-2.4, newer
connectors for 46 GHz (K) or 50 GHz (APC 2.4) operation. The IC probes are the transitions from the coaxial cable
to some type of contact point with a size comparable to an IC bond pad. Low-frequency signals are often connected
with needle probes. At frequencies greater than several hundred megahertz these probes have serious parasitic
impedances, due to shunt capacitance from fringing fields and series inductance from the long, thin needle. The para-
sitic impedances and the relatively large probe size compared to IC interconnects limit their effective use to low-fre-
quency external input or output circuit responses at the bond pads. For signals greater than several hundred megahertz,
the recently developed Cascade Microtech probe {5,6] has demonstrated IC connections to millimeter-wave frequencies
of 50 GHz. The probe consists of a coaxial connector with a transition to 50 Q coplanar waveguide (CPW) transmis-
sion line that then tapers to bond pad size contacts. They offer good microwave performance, but their size limits test
points to IC bond pads and their 50 Q characteristic impedance limits their use to input or output sections of the IC.

Thus, electrical probes suffer from a measurement dilemma. Good high-frequency probes use transmission lines to
control the line impedance from the coaxial transition to the IC bond pad and to reduce parasitic impedances. The low
characteristic impedance of such lines (typically 50 £2) limits their use to input/output connections. High-impedance
probes suitable for probing intermediate circuit nodes have significant parasitic impedances at microwave frequencies,
severely perturbing the circuit operation and affecting the measurement accuracy. In both cases, the probe size is large
compared to IC interconnect size, limiting their use to test points the size of bond pads.

Conventional test instruments for measuring high-speed electrical signals consist of sampling oscilloscopes, spectrum
analyzers, and network analyzers. Sampling oscilloscopes measure the time response of repetitive signals with a reso-
lution as short as 25 ps or a bandwidth of 14 GHz. Combined with transmission line probes this instrument gives ei-
ther time domain reflectometry measurements or signal waveforms of an IC's external response, but has neither the
time resolution required for state-of-the-art GaAs IC's nor the ability to measure the internal node response of MSI or
LSIIC's. A promising note is the recent introduction of a new sampling oscilloscope based on Josephson Junction
superconducting technology [7] with a time resolution of about 8 ps. As with slower sampling oscilloscopes, how-
ever, the 50 2 connectors limit its use to external characterization of IC's.

Spectrum and network analyzers measure the response of circuits in the frequency domain, with a range of 26.5 GHz
typically and limited extension through the millimeter-wave frequencies to 300 GHz. A spectrum analyzer measures
the power spectrum of a signal, while network analyzers measure the vector transfer function of a network (magnitude
and phase) as a function of frequency. The small-signal, linear characteristics of microwave devices and circuits
measured with a network analyzer are usually expressed in terms of the scatiering parameters. These provide a measure
(often extrapolated) of fmax. a device's maximam frequency of oscillation, and fT, the unity current gain frequency,
figures of merit of a device's operation speed. The frequency range of these instruments can be extended to millimeter-
wave frequencies (300 GHz for the spectrum analyzer, 100 GHz for the network analyzer) using external source
mulripliers, mixers and waveguide cornectors, but the frequency coverage is limited 10 1.5:1 waveguide bandwidths and
the waveguide connectors require a hybrid mount of the IC in a waveguide package, preventing wafer testing of the IC.
Network analyzers can provide time-domain measurements of a network’s small-signal step or impulse response by
Fourier transforming the small-signal frequency-domain two-port device parameters. For large-signal measurements.
where the network is no longer linear, the principle of superposition cannot be applied, preventing calculation of the
large-signal time-domain response from measurements of frequency-domain transfer functions. For example, the
network analyzer cannot measure the time waveform response of the IC's due w amplifier saturation. Although spec-
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trum analyzers can measure the harmonic spectrum magnitude of saturated or large-signal circuit responses, the phases ,f\
of the harmonics are not measured, and the large-signal time waveforms again cannot be inferred. Both instruments o
also rely on 50 £ connectors and IC probes, limiting their ability to probe an IC to its external response. For network e
analysis, a further issue is de-embedding the device parameters from the connector and circuit fixture response, a task b\
which grows progressively more difficult at increasing frequencies, particularly for millimeter-wave testing. :
-~
1.2. Non-Electrical, Novel test techniques ;
With the objective of either increased bandwidth or internal IC testing with high spatial resolution (or both) a number _-::
: of new test techniques have been introduced and demonstrated. One method of measuring a voltage on IC conductors is \
i to energy analyze secondary electron emission. To test logic level signals in VLSI silicon IC's researchers in the late -
1960's developed the voltage contrast scanning electron microscope (SEM) or E-beam probing [8,9]. This technique Y
uses an electron beam from an SEM to stimulate secondary electron emission from surface metallization. For a metal : "

- conductor at ground or negative potential, the electrons have sufficient energy to be collected by a detector shielded by ;

' an energy analyzer grid. Metal lines at a positive potential retard the emitted electrons, lowering their energy and :-;
reducing the number of electrons detected. The detected signal is small for IC voltage levels; to improve time res- :-’:

olution the signal is sampled with electron beam pulses and averaged to improve signal-to-noise ratio. ‘

L} v

K Commercial SEM's have sensitivities of 1-10 mV, bandwidths up to 2 GHz or time resolutions of =1 ns, and a spatial :::;

, resolution as small as 20 nm. Compared to typical operating speeds of commercial silicon VLSI (clock rates of 10 to :r:f:
100 MHz) this technique has good time resolution, acceptable sensitivity, and excellent spatial resolution. The sys-
tem'’s time resolution is set by gating the E-beam from the thermionic cathodes of standard SEM's. For decreasing .
electron beam duration required for increased time resolution, the average beam current decreases, degrading mea- .-'.

. surement sensitivity and limiting practical systems to a time resolution of several hundred picoseconds. To overcome R

y, this limitation, a technique which implements a photocathode triggered by an intense picosecond optical pulse to gen- _','~

y erate short, high-current electron pulses [10] has been demonstrated. This approach shows promise for achieving time , "
resolution approaching 10 ps with the SEM probe. The major drawbacks of SEM testing are its complexity and its '

[ relatively high cost. ':.
Photoemissive sampling, based on analyzing secondary electron emission from IC conductors similar to E-beam test- \_
ing, uses intense, energetic light from a pulsed laser focused on an IC conductor to generate photoelectrons. An ext- »
raction/retarding grid combination placed in close proximity to the conductor energy analyzes the electrons, with a re- ‘,_

b sulting secondary electron emission varying with the conductor potential. The feasibility of this new approach is made N '

3 possible by picosecond pulsewidth, high peak power lasers, and offers a potential improvement in time resolution and _.:: .
sensitivity over the SEM probe. The technique is not available commercially, but a number of researchers have : :j
demonstrated systems with time resolution as short as 7 ps with good spatial resolution and millivolt sensitivity
[11,12,13]. With both electron-beam and photoemissive sampling, electron beams and electron extraction fields can ‘- S
produce charge concentrations within the semiconductor substrate through charging of deep levels, or at its surface, :.
through field-induced surface inversion. -

;i
A technique which optically senses free-carrier charge density was recently developed for measurements within silicon .".
IC devices [14,15). Because of its centrosymmetric crystal structure, silicon exhibits no bulk second-order opucal T
nonlinearities, such as the electrooptic effect, to use as a basis for an optical measurement system. Third-order effects, ‘_::.

A such as voltage-dependent second-harmonic generation or the optical Kerr effect, are in general very weak and result in ' .
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impractical systems in terms of measurement sensitivity and implementation. Most semiconductor devices function

by modulating charge density within a control region, which contributes to material index of refraction as described by
the plasma-optical relation

1
2\ =
0y \2
n=ng 1- -3 m
®
2_ N | g )
“ EsMe.  Esmp

where ng is the bulk index of refraction, ® is the optical probe frequency, @y, is the plasma resonance frequency, N is
the electron concentration in the conduction band, P is the hole concentration in the valence band, &g is the
permittivity of the substrate material, and me' and mh' are the electron/hole conductivity effective masses. The
change in charge density is detected with a compact optical interferometer using a 1.3 um wavelength (the absorption
minimum in silicon) semiconductor laser as the probe, shown schematically in Fig. 1. In contrast to electrooptic
techniques, where typical probe beam intensity modulation is on the order of 0.1%, for the charge density typical of
integrated silicon bipolar transistors the probe beam modulation in the charge-sensing system is on the order of 1%.
This sensitivity has allowed the demonstration of single-shot (i.e. no repetitive sampling) detection of a silicon bipolar
junction transistor's switching signal in a 200 MHz bandwidth (Fig. 2). Since the plasma-optical effect occurs in all
semiconductor materials, this technique is applicable to GaAs IC's and shows promise for studying device charac-
teristics and charge dynamics.

Another optical probe scheme is electrooptic sampling, which uses an electrooptic light modulator to intensity modu-
late a probe beam in proportion to a circuit voltage. The technique was initially developed to measure the response of
photoconductors and photodetectors faster than the time resolution of sampling oscilloscopes [16,17,18,19] and used an
external electrooptic modulator (typically lithium tantalate, LiTaO3) connected to the device under test. A polarized
optical probe beam passes through an electrooptic crystal, whose index of refraction changes due to the presence of an
electrical signal (Fig. 3.) The polarization of the light after passing through the electrooptic crystal depends on the
signal driving the modulator, and passing the probe beam through a polarizer results in a signal-dependent intensity
modulation. The approach exhibits excellent time resolution (<0.5 ps) due to the advanced level of ultrashort pulse
generation with the colliding-pulse mode-locked (CPM) laser and the very high intrinsic speed of the electrooptic effect.
Combined with a cryogenic system, optical measurements of electrical signals have been made at liquid helium
temperatures(20]. However, the hybrid lithium tantalate electrooptic modulator requires connecting the test point on
the IC to the transmission line of the modulator, restricting its use to external test points. Unless carefully designed,
the system's time resolution is degraded by the hybrid connection between the modulator and the device under test, due
10 the loading of the test point from the relatively low characteristic impedance of the transmission line, and due to the
parasitic impedances of bond wires.

Using an electrooptic needle probe (Figs. 4&S5) [21], the technique has been extended to internal node probing of IC's.
The needle, a fused silica rod with a 40 x 40 micron tip of LiTaO3 coated for high reflection of the probe beam., is
brought close to a conductor, introducing fields within the probe tip. As with the hybrid electrooptic scheme, the
electric fields change the polarization of the probing beam, and the reflected beam is analyzed by a polarizer. The
LiTaO3 electrooptic material, transparent to visible wavelength light, allows the use of ultrashort sampling pulses




; IRV ATITE T,

[y
N 'r.‘..\'

R
-,/5 b ‘-‘."\'

v v,

v Tu
&

()
I.'-f
MAGING FARADAYI ISOLATOR FOCUSING M siLicoN ;::;
LENS , ~ WOLLASTON LENS INTEGRATED o
PBS YiG PBS PRISM CIRCUIT N
’
Pd N
1.3um , N
Cw P '
x ,J\
-
MULTIMODE a
LASER PHOTODIODES =
DIODE —PF | ~ ACTIVE g
' = DEVICE .
=
4748 |- 2
DIFFERENTIAL
AMPLIFIER o
INACTIVE
OUTPUT <

SURFACE

i &

Figure 1: Charge-sensing system schematic (14,15). The Wollaston prism separates the input beam into a probe
beam and a reference beam. The presence of charge in the probe beam path results in a change in output intensity at

the photodiodes proportional to the charge concentration, as described in the text. PBS denotes a polarizing
beamsplitter cube.
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from a CPM laser; a step response risetime of less than 300 fs has been demonstrated(22,23]. Because the probe relies
on no optical or electrical properties of the circuit under test, circuits of any substrate material can be tested without
sample preparation. The probe exhibits some small circuit invasiveness through capacitive loading on the order of 10
femtofarads due to the proximity of the LiTaO3 probe tip of dielectric constant €r = 40. The polarization shift in lithi-
um tantalate, proportional to the lateral electric field, may make the probe sensitive to signals from nearby conductoi's
in addition to the potential of the probed conductor.

The external electrooptic sampling techniques described above can provide signal measurements with subpicosecond
time resolution (equivalent to bandwidths of approaching 1 THz.) Direct electrooptic sampling, a related technique
where the substrate of the GaAs circuit under test serves as the electrooptic modulator, eliminates the electrical para-
sitics associated with external electrooptic elements and provides voltage measurements of points internal to the IC
with picosecond time resolution and micron spatial resolution. This method's principles, capabilities, and circuit
measurement results are described in the following sections.

2. Principles of Direct Electrooptic Sampling in GaAs IC's

The electrooptic effect, an anisotropic variation in a material's dielectric constant due to an applied electric field, is pre-
sent in a variety of non-centrosymmetric crystals. Among these are GaAs, InP and AlAs, used for high-speed
semiconductor devices, and lithium niobate (LiNbO3), lithium tantalate (LiTaO3) and potassium dihydrogen phosphate
(KH2POg4), used for nonlinear optical devices. Centrosymmetric crystals do not exhibit the electrooptic effect; notable
among these materials are silicon and germanium. The change in refractive index of electrooptic materials with electric
field can be used for optical phase-modulation, and, from this, polarization-modulation or intensity-modulation {24,25].
Direct electrooptic sampling uses the electrooptic effect in GaAs to obtain voltage-dependent intensity modulation of a
probe beam [26,27]. As with other experimental probing methods, a pulsed optical probe beam permits a time
resolution on the order of one picosecond or instrument bandwidths greater than 100 GHz.

Without external electrooptic elements, the invasive properties of those elements are eliminated, permitting probing
with no electrical contact, no loading of the test point with low-impedance transmission lines, and no parasitic probe
impedance. Because the probing beam can be focused to a spot of diameter of several microns, the probe's spatial
resolution allows access to finely-spaced conductors in LSI GaAs circuits. Direct electrooptic sampling thus provides
the bandwidth, the spatial resolution, and the internal-node access necessary for characterization of high-speed GaAs
integrated circuits.

2.1. Electrooptic Voltage Probing in a GaAs Crystal

GaAs is one of simplest electrooptic crystals, a zincblende with crystal symmetry 43m. Its cubic structure results in

no natural (field-free) birefringence and a symmetric electrooptic tensor with equal-valued elements . The electrooptic
tensor in GaAs is [28]
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An applied electric field induces a birefringence described by the index ellipsoid
2 2 2
x y z
<+ Tt 3t 2r41yzEy + 2141xzEy + 2r41xyE; = 1 )
o My Mg

where ng is the zero-field refractive index, rq; is the electro-optic coefficient for GaAs, and E is the applied electric field
in the direction indicated by its subscript. The intersection of the index ellipsoid and a plane normal to the optical

propagation direction defines an ellipse whose major and minor axes give the allowed (eigenvector) polarization direc-
tions and their refractive indices.

To relate this to an IC substrate, Fig. 6 shows the principal crystal axes of a GaAs IC fabricated on standard (100)-cut
material. The X, Y, and Z axes are aligned with the <100> directions of the GaAs cubic Bravais lattice, while the Y'

and Z' axes are aligned with the [011] and [011] directions parallel to the cleave planes of the a GaAs wafer (along
which individual IC's are scribed) and 45° to the [010] and [001] directions. For an optical plane wave traveling in the

X direction, the intersection of the index ellipsoid and the x=0 plane normal to its direction of propagation defines an
ellipse in the (Y', Z') plane

1 2 1
y' =+ r41Ex |+ z =+ r41Ex |=1 (5)
Mo To

The Y' and Z' axes are the eigenvectors of the electrooptic effect and form the natural coordinate system for describing
electrooptic sampling in GaAs IC's. The refractive indices ny' and ny' in the Y' and Z' directions are

3
ng r4) Ex
Ny =ng- ———5—— (6)
3
no r41 Ex
ng=ng+ ——5—— (6b)

 aoa Ah-n AT LTI A A RS RIS I N
-t




OPIVIRIY UMATED 102-(001 ) Ut soueyd 948D pue soxe fediouny 9 amBiy

»
A A

»
ry

! (Lool =z
——

INVId IAVIIO
(110)

'y

.\'.. ..

3 3NVId 3AV3ID
(110)

v

«
* .
'y

‘

~
_a

-
v
n
e a

INVd (001)

Lo

"
(Prm—
-—
v~

2,

-
"
N

-

110} =,

"
X

IN
A

Py

£

L%

L,
LS

s tatme
alak

. .
X [001] = X ox
¥ - ~
. ‘.s.m
5 Ky
Y NS
P .. ..-..A
)”. ‘.“.“.“
4 __ f...“m
Ly
S 5
[ ? .‘n

Lé

Es
N

- - ™
.
4 ~
-
-
.
N
~
~
.!
L
)
{._{._

. SRR PO NP IR FT RN CRYXAART N O Pl R Y e RRRAAAE N P B P LY~ NQNS
O\-\c\‘ g L) - ' -i -.J. \-\-\I-» -h-fu---vt ) J.'.f . b P el v -«-- 2 oA, ....v.--.-..-.f.a- N, lv-unan..- \-\.k.. e .-:.f.-v.l NG ,-.--Jnnv-fn’u!-t- > “\H‘.’\‘l OOy



“ogiat et e
L S L e

N
N
s
»
»f‘
v
and these field-dependent refractive indices result in differential phase shift for beam polarizations in the Y' and Z' :
directions. .::: .
Consider the transmission electrooptic amplitude modulator shown in Fig. 7. A circularly-polarized plane wave _: \
propagating through the substrate receives a change in phase between the Y' and Z' polarizations due to the electroop- S,
.
tic effect in proportion to the electric field given by ~
t -
P
2rng r4) 2 ny rq) :..
o
Ap= ExW = v ™ 2
) Ao S
=
such that the beam emerging from the substrate has changed from circular to slightly elliptical polarization. Note that :
the product ExW of the substrate thickness and the x-component of the electric field is the potential difference V be- ::
tween the front and back surfaces of the GaAs wafer where the probing beam traverses the wafer. This result holds for :‘\-'.:
a general field distribution; a plane-wave optical beam propagating along a <100> direction experiences a change in ;:.
phase shift proportional to product of the longitudinal electric field and the substrate thickness, i.e. it is only affected e
by the potential difference V across the wafer at the probe point. RS
tr
J'_.
To measure this voltage-induced polarization change, the beam emerging from the GaAs is passed through a polarizer :::'-
oriented at 45° to the Y' and Z' axes. The intensity of the output beam is then wnd
¥
o
(2 3 =
Pout(V)=P({l + sin (Enomlv)]
< -
Lg
-
v 4
=P, [l + sin (—1\5,—)] @®
b4
S
o
where P, is the output intensity with zero field in the substrate. Vy , called the half-wave-voltage, and given by )
)
Ao L
Vr =—3 © T
is the voltage required for 180° phase shift between the Y* and Z' polarizations. For GaAs, Vx = 10 kV at a wave- o
length of 1.064 um for ng = 3.6, and rq; = 1.4 * 10-12 [29]; the argument of the sine expression is thus small for ! .
typical voltages V on integrated circuits, and Egn. 8 can be approximated by ::'_:::
v R
Pous= Po[l + 5 ] (10) o
R
[ ]
"
Thus for substrate voltages to several hundred volts, the output beam intensity is nearly linear and in direct proportion :::\ ‘
to the voltage across the substrate. The intensity of the output beam, detected by a photodiode, is thus a measure of _'::
the voltage across the substrate of the IC. ::::
; ;
-- ',
N
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E:: 2.2. Probing geometries in GaAs IC's

i

’ The transmission modulator of Fig. 7 requires separate lenses for focusing and collecting the probe beam, precisely
aligned on opposite sides of the wafer for IC measurements. Also, high-density interconnections on the circuit side of

- digital IC's and backside metallization on many microwave IC's would obstruct the beam passage through the wafer.

-:f Reflection-type probing geometries as shown in Fig. 8 provide better access to IC's, using a single lens for focusing

‘: and using the IC metallization for reflection. The frontside geometry is suitable for probing microstrip transmission
> lines of MMIC's. The backside geometry permits very tight focusing of the probing beam to a diameter limited by the
[ . numerical aperture of the focusing lens, and provides a probe beam modulation sensitive to the probed conductor's
::-_', voltage but independent of nearby signal conductors [30], a necessity for testing high-density IC's.
. \‘..
E For microstrip transmission lines typically used in MMIC's, the fields extend laterally from the conductor roughly a
. distance equal the substrate thickness; the probe beam is focused from the top of the substrate through the fringing
. fields of the conductor to a beam spot size diameter approximately one-tenth of the substrate thickness so that it
:‘_:: overlaps well with the fringing fields. Other MMIC's use planar transmission lines such as coplanar waveguide
150 (CPW) for microwave interconnects. MSI/LSI circuits typically use thin metal lines (3 to 10 um); the electric field
::'j: distribution around the conductors is a strong function of their layout. For these types of interconnects and for planar
< ransmission lines, the extent of the fields into the substrate is on the order of the distance between signal conductors
and grounds. Typical IC substrate thickness (400 to 500 um) is much greater than conductor spacings; the electric
_f-'; fields lie near the substrate surface, and the back of the substrate is nearty at an equipotential with respect to individual
.r‘ conductors on the IC surface. The optical probe, focused through the back of the substrate to a spot diameter less than
'\ or equal to the conductor width, is modulated by the voltage on the conductor nearly independent of signals from nearby
' conductors.
?-., In both cases the optical probe is reflected from metallization on the IC. The signal is proportional to the amount of
‘ :f light reflected, and if the reflectivity of the metallization varies, the signal strength also varies. The signal can be
‘-f.; normalized to the amount of reflected light, but metallization such as ohmic contacts, which may be very rough, will
’ cause poor signal sensitivity if a large fraction of the probe beam is scattered. Because integrated circuits are patterned
\ ;, by optical lithography, the wafer top surface has good optical quality. For backside probing the back of the wafer must
oy be polished to allow passage of the probe beam with negligible scattering. For frontside probing the ground plane
'.‘:'-: should be sufficiently reflective to provide a good return beam - most MMIC's we have encountered have shown
:-".: adequate ground-plane reflectivity.
::Ef In reflection-mode probing, the incident and reflected beams, centered on the microscope lens for optimum focusing,
.:: can be seperated by manipulation of their polarizations (Fig. 9.) The advantages of this arrangement for IC probing are
::_‘: ease-of-alignment, on-axis focusing for diffraction-limited spot size, and efficient use of the optical signal (in contrast
s to using a beamsplitter to separate the incident and retum beams, which attenuates half the optical power on each pass.)
i The polarization states of this arrangement may be analyzed by Jones calculus, and are qualitatively described as
o follows. A linearly polarized probe beam from the polarizing beamsplitter passes through a quarter-waveplate, oriented
) '.'_: at 22.5° to the axis of the beamsplitter, producing an elliptical polarization. A half-waveplate oriented at 33.75° then
’-:.: rotates the elliptical polarization an additional 22.5° to align its major axis at 45° to the [011] directon of the GaAs
- substrate (i.e. oriented at 45° to the substrate cleave planes.) The on-axis probe beam is focused by a microscope ob-
e jective next to a conductor (frontside probing) or on the conductor (backside probing.) The reflected beam passes back
W through the lens and the waveplates, producing a linear polarization at 45° to the axes of the polarizing beamsplitter.
":{5 and the polarization component at 90° orientation is directed by the beamsplitier onto a photodiode. The probed
”
s Z’j 9
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conductor voltage changes the polarization of the return beam through the electrooptic effect by changing the angle of

the linearly polarized light prior to the polarizer, and thus the intensity incident upon the photodiode. The resulting
intensity varies as in Eqn. 10 where Vg is now

A

Vn = 3
4nyra)

=5kV (11)

e AN S TR G

giving twice the sensitivity for the reflection-mode cases. The on-axis return beam may be separated from the incident

beam with a Faraday isolator. The signal from this beam is out-of-phase with the first beam allowing for differential
detection to further improve signal sensitivity.

LI N R
VPR NXNYR

2.3. Electrooptic Sampling

The longitudinal reflection-mode geometries provide intensity modulation proportional to voltage for IC probing.
With a continuous optical probe beam, the output intensity incident upon the photodiode will be a large steady-state
intensity Pg plus a small intensity change following the voltage of the probed conductor; microwave-frequency or pi-
cosecond-risetime signals on the probed conductor will result in microwave-frequency or picosecond-risetime modula-
tion of the probe beam. Detection of this modulation would require a photodiode/receiver system with bandwidth
comparable to that of the detected signal. With commercial sampling oscilloscopes limited to =14 GHz and infrared
photodiodes limited to ~20 GHz, the probing system's bandwidth would be insufficient for many high-speed and mi-
crowave GaAs circuits. In addition, the small modulation provided by the electrooptic effect would result in extremely
poor signal-to-noise ratio using direct detection at microwave bandwidths, and thus very poor instrument sensitivity.

Mode-locked laser systems in conjunction with optical pulse compressors can generate extremely short optical pulses.
At visible wavelengths, pulses as short as 6 fs [31,32] have been generated, while at the infrared wavelengths where
GaAs is transparent, pulses as short as 33 fs have been generated [33,34]. Sampling techniques using a pulsed optical
probe can achieve a time resolution set by the optical pulse duration and the circuit-probe interaction time, permitting
instrument bandwidths exceeding 100 GHz. We describe repetitive sampling in the time domain as synchronous sam-
pling, where equivalent-time measurements of the voltage waveforms are made in a manner similar to the operation of
a sampling oscilloscope, and in the frequency domain as harmonic mixing, where the electrooptic sampler measures the
amplitude and phase of sinusoidal voltages on probed conductors, similar to a microwave network analyzer,

r oy

b
Ly
‘o
<
o,

L)

In synchronous or equivalent-time sampling, an optical probe pulse with a repetition rate fo (set by the laser) samples
a repetitive voltage waveform. If the waveform repeats at exactly N*fo, an integer multiple of the probe repetition
rate, an optical pulse interacts with the waveform every Nt period at a fixed point within its cycle. Over many
repetitions, the pulses sample the voltage waveform at the same time within the cycle, undergoing an equal modulation
of each pulse’s intensity. The resulting change in the average intensity of the probe beam, proportional to the signal,
is detected by a photodiode receiver whose bandwidth is much less than the optical pulse repetition frequency. To
detect the entire time waveform, the waveform frequency is increased by a small amount Af (Fig. 10.) The probe
pulses are then slowly delayed with respect to the waveform, sampling successively delayed points, so that the average
intensity at the photodiode changes in proportion to the waveform, but repeating at a rate Af. The receiver then
averages (low-pass filters) the photocurrent over a period much longer than 1/fp, eliminating the individual pulses.
The averaged photocurrent igyy is then continuous and varies with V(t) , but at the slow repetition rate Af
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where Ip is the average photodiode current. Typically fg is =82 MHz, N varies from 1 to 500 for circuit drive
frequencies to 40 GHz, and Af is 10 to 100 Hertz. In contrast to pump/probe sampling, which has one probe pulse for
every pump signal, the signal repeats N times between probe pulses in equivalent-time sampling. Because the pulse
repetition rate is harmonically related to the signal repetition rate, Nyquist's sampling theorem (which states maximum
recoverable signal bandwidth is half the sampling rate) does not apply in terms of setting the bandwidth of this
measurement. Instead, the bandwidth is determined by the sampling pulsewidth, the relative jitter between sampling
pulses, and the interaction time between the pulse and the signal. These factors are discussed in detail in Section 3.2.

The frequency domain description of equivalent-time sampling is known as harmonic mixing. The time domain signal
detected by the photodiode receiver, proportional to the product of the laser signal and the measured signal in the time

domain, has a frequency spectrum determined by the spectrum of the laser convolved with the spectrum of the measured
signal [35]. In the frequency domain

=F (VO ) ]

F(Pou(t) }=F(P(1) } + [5(0 e (13)

where F is the Fourier transform operator, Pout(t) is the intensity out of the polarizer, P(t) is the laser intensity, 8(f) is
the delta function, and * represents the convolution operation. Figure 11 shows a schematic representation of this
convolution for a mode-locked laser spectrum and a single microwave frequency signal. Scaled replicas of the signal
appear in the laser intensity spectrum as amplitude-modulation sidebands around each laser harmonic. The magnitude

and phase of the signal is recovered from the baseband harmonic with a low-frequency photodiode and a synchronous
detector.

3. System performance

3.1. System description

The sampling system, shown schematically in Fig. 12, can be grouped into three sections; the laser system for optical
pulse generation, the microwave instrumentation for driving the IC under test, and the receiver system for signal pro-
cessing and data acquisition. The laser system consists of a mode-locked Nd:YAG laser, a fiber-grating pulse com-
pressor, and a timing stabilizer feedback system. The Nd:YAG laser produces 1.06 um, 90 ps pulses at an 82 MHz
rate with free-running pulse-to-pulse timing fluctuations of 4 ps rms, reduced to less than 300 fs rms by a phase-lock-
loop feedback system [36,37] which synchronizes and stabilizes the laser pulse timing with respect to the microwave
synthesizer. The fiber-grating pulse compressor shortens the pulses to 1.5 ps FWHM (full width at half maximum)
(38,39,40]. The beam passes through a polarizing beamsplitter and two waveplates to adjust its polarization, then is
focused through the IC substrate with a microscope objective to a 3 jum spot on the probed conductor (backside prob-
ing) or a 10 um spot on the ground plane beneath and adjacent to the probed conductor (frontside probing.) The re-
flected light is analyzed by the polarizing beamsplitter and detected by a photodiode connected to a vector receiver.

To drive the IC, a microwave synthesizer generates either sinusoidal excitation for microwave circuits, or the clock/data
signals for digital circuits. For wafer-level testing of IC's the drive signal is delivered with a microwave probe station
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(Cascade Microtech Model 42, Figs. 13&14) modified to allow for backside electrooptic probing. The transmission

line probes used with this test station allow for launching a signal on the IC with repeatable, low reflection connec-
tions in a 50 Q environment to 40 GHz.

Signal processing is critical to achieve accurate, shot-noise limited measurements. Harmonic mixing is used for vector
voltage measurements. The synthesizer is set to an exact multiple of the laser repetition rate plus a 1-10 MHz fre-
quency offset, and the receiver is configured as a synchronous detector (i.. an RF lock-in amplifier) to measure the
magnitude and phase of the received signal at the frequency offset. Equivalent-time sampling is used to view time
waveforms. The synthesizer is set to an exact multiple of the laser repetition rate (82 MHz), plus a small frequency
offset Af (1-100 Hz.) Pulse modulation, phase modulation, or fast offset/averaging signal processing as described in

section 3.3 is required to suppress laser intensity noise. The resulting signal varies at the slow offset rate Af in pro-
portion to the detected signal.

Direct electrooptic sampling has also been demonstrated using a mode-locked or gain-switched InGaAsP injection laser
10 generate sampling pulses of 10-20 ps pulsewidth [41,42]. This system uses two synthesizers, referenced to a master
clock, to drive the laser and to supply a signal to the IC. The longer pulsewidths of the injection laser decrease the
system's time resolution compared to the 1.5 ps pulsewidths generated using the Nd:Y AG/pulse compressor, but the
injection laser pulses have sub-picosecond timing jitter and the laser is a very compact and stable optical source with a
continuously tunable pulse repetition rate. This system has also been used to measure electrical signals in InP (indium
phosphide) IC's [43).

3.2. Bandwidth

The system's bandwidth or time resolution is determined by the optical pulsewidth, the pulse-to-pulse timing jitter of
the laser with respect to the microwave synthesizer driving the circuit, the interaction time of the probe pulse and the
electrical signal, and the effective receiver response time. We assume Gaussian distributions for each term for
simplicity. The overall time resolution is the root-mean-square sum of these values

Z p4
Gmm=\/o§w+01 + O[T+ O pEc (14)

where Opw is the rms optical pulsewidth, 9 is the rms pulse-to-pulse timing jitter, O is the rms interaction time of

the pulse through substrate, and "l:EC is the effective receiver impulse response time.

The relation between the time resolution and the frequency bandwidth for the optical pulse is given by

0.312
FWHM = as

g

o

where for a Gaussian pulseshape 6 pwyM = 2.35 * Opms is the full width at half-maximum (optical pulsewidth is
typically measured in terms of its FWHM, not its rms value), and fi4p is the half power frequency. This time-
bandwidth product is reduced by a factor of lf\/E from the time-bandwidth product of 0.441 due to the square-law
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photodiode detector, i.e. the optical intensity of the pulse is converted to a voltage in the receiver with a resulting
power spectrum related to the square of this voltage.

The 90 ps pulsewidth from the Nd:YAG laser results in a bandwidth of 3.5 GHz, clearly not suitable for high
bandwidth circuit measurements. To reduce the pulsewidth, a fiber-grating pulse compressor is used {38,39 40]. This
system, based on the Kerr effect or self-phase modulation in a single-mode optical fiber, generates a frequency chirp
on the laser pulse as it propagates through the fiber. The light emerging from the fiber is red-shifted on its leading
edge and blue-shifted on its the trailing edge with the frequency varying across the pulse duration in proportion to the
derivative of the intensity envelope. For a Gaussian intensity pulseshape (characteristic of mode-locked lasers) the
frequency chirp is nearly linear over the center of the pulse. These new frequency components are recombined into a
compressed pulse by passing the light through a grating pair, where the time-of-flight delay is linearly proportional to
the light's wavelength, thus acting as a dispersive delay line where the red-shifted leading frequency components are
delayed with respect to the blue-shifted trailing frequencies. The wavelength-dependent delay is adjusted by the
seperation of the gratings to match the frequency chirp of the light, producing a compressed pulse.

A number of effects limit the amount of pulse compression available with this technique; stimulated Raman scattering
limits the maximum optical power focused into the fiber core, and deviation from a linear frequency chirp on the pulse
due to non-ideal input pulseshapes can generate long pedestals on an otherwise short compressed pulse. Using a fiber
length of 1 km in the pulse compressor, the group velocity dispersion enhances the region of linear frequency chirp
(391, and the pulses from the mode-locked Nd:YAG laser are routinely compressed to 1.5 ps, a factor of 60:1. Using
two-stage optical compression, pulses as short as 200 fs at 1.06 um have been generated {34].

The compressed pulsewidth, as measured with an optical autocorrelator, deviates from the autocorrelation of an ideal
Gaussian pulseshape as evidenced by slight "wings" or pedestals on the pulse due to the non-ideal frequency chirp of
input pulse (Fig. 15). The group velocity dispersion of the relatively long 1 km fiber reduces the pulse pedestals
compared to shorter fiber lengths [39]. A Gaussian pulse of 1.4 ps FWHM duration has spectral content extending
past 200 GHz, while the spectral content of the compressed pulse deviates from an ideal Gaussian pulse, where the
power spectral density is determined by numerically Fourier transforming the autocorrelation (Fig. 16) (35]). The
wings on the compressed pulse may be further reduced by "spectral windowing” [44] to remove part of the nonlinear
frequency chirp or polarization discrimination of the compressed pulse [45].

Timing jitter influences both bandwidth and sensitivity; the impulse response of the sampling system is the convolu-
tion of the optical pulseshape with the probability distribution of its arrival time (neglecting optical transit time),
while those Fourier components of the jitter lying within the detection bandwidth of the receiver introduce noise
proportional to the time derivative of the measured waveform (section 3.3). Stabilization of the laser timing is thus
imperative for low-noise measurements of microwave or picosecond signals. The timing fluctuations of the laser are
suppressed by phase-locking the laser to a high-stability reference oscillator [36,37]. Figure 17 shows the block
diagram of the feedback system. A photodiode monitors the 82 MHz laser pulse train, and the phase of its fundamental
component is compared with that of the reference oscillator, generating a phase error signal. The 41 MHz signal
required for driving the laser's acousto-optic (A-O) cell is generated by frequency division from the 82 MHz standard; its
uming (phase) is adjusted with a voltage-controlled phase-shifter controlled by the amplified and frequency-compensated
phase error signal. Given an error-free phase detector, the laser timing fluctuations are suppressed in proportion to the
loop gain of the feedback system. Figure 18 shows the measured phase noise of one harmonic of the laser with an HP
8662 low-phase noise synthesizer as the reference for the feedback system. From this measurement the time jitter is
calculated (see section 3.3, equation 26) to be less than 300 fs rms.
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Figure 13: Cascade [6] microwave wafer probe station modified for electrooptic sampling.
b) View showing probe beam focusing objective below the wafer stage.
The probe beam is focused on the IC through a hole or a sapphire window in the wafer stage.
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Figure 14: Schematic diagram of the beam path through the Cascade probe station.
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The interaction time of the optical puise and electrical signal in the GaAs substrate comes from several factors: the
response time of the electrooptic effect, the electrical transit time, and the optical transit time. The electrooptic effect
in GaAs arises primarily from its electronic polarizability and is intrinsically very fast (see Auston, this issue), with a
response time on the arder of 10 femtoseconds. The electrical transit time is the propagation time of the electrical
signal as it traverses the spatial extent of the probe beam. For typical IC values this time is on the order of 60 fs [27].
The optical transit time is the propagation time of the optical pulse as it traverses the electric fields within the GaAs
substrate. For frontside probing of microstrip lines, where the field is uniform though the substrate, the optical transit
time is proportional to the substrate thickness. For backside probing of coplanar transmission lines or planar
interconnections, the electric field is not uniform in the substrate and the characteristic depth of the electric fields is on
the order of the conductor spacing; in this case the optical transit time is not a function of substrate thickness, but is
proportional to the conductor spacing. Because the optical and microwave dielectric constants in GaAs are nearly equal,
microwave transmission lines have a cutoff frequency for higher-order modes roughly equal the inverse of the optical
transit time. Well-designed microwave circuits operate at frequencies well below the multimode cutoff frequency.
Only when measuring interconnects near or above the cutoff frequency (where dispersive characteristics are of interest)
must the optical transit time be considered. For example, the optical transit time for a 125 pm thick substrate, typical
of MMIC's operaling at frequencies below 40 GHz, is 3 ps, corresponding to a 3 dB response rolloff of >100 GHz.

The effective receiver impulse risetime arises from the constraint put on the receiver bandwidth by the required system
sensitivity. We assume for analysis the receiver has a Gaussian impulse response

2
-t
1
h(t) = ex (16)
\J 2r O, 20

t

where oy is the rms duration. Then, the receiver frequency response

£

B

H(f) = ex

an

has an rms3 signal acquisition bandwidth Bacq = 1/2rQ;. Because the sampled signal at frequency Nf is translated to a
lower freq iency Af at the receiver (Eqn. 12), the effective receiver impulse response for synchronous sampling is

Af ,
OREC =%Gt 3 —— (18)
Nfo 2nB
acq

Given a required time resolution Gy, from the electrooptic sampling system, the scan rate Af of the sampler must

then be limited. With fixed time resolution, larger receiver bandwidths Bacq permit faster waveform scan rates, but de-
grade the measurement seiisitivity.

3.3. Sensitivity

14
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If the measurement bandwidth provided by the electrooptic sampler is to be useful, the instrument must also provide
sufficient sensitivity to observe signal voltages typical of high-speed GaAs circuits. As in any system, sensitivity is
determined by the signal to noise ratio; the instrument's sensitivity, or minimum detectable voltage, is the probed
voltage which results in a measured signal equal to the measurement system's noise signal. Most noise sources have
power spectral densities which are independent of frequency ("white" noise), resulting in a noise voltage proportional to
the square root of the signal acquisition bandwidth Bacq and a minimum detectable voltage expressed in units of volts
per root Hertz (V/\/—P—{z.) Smaller minimum detectable voltages permit more rapid measurement acquisition for fixed
measurement accuracy. With appropriate system design and signal processing, the various sources of noise in the

electrooptic sampler can be reduced or eliminated, permitting low-noise voltage measurements with fast data acquisi-
tion.

The fundamental limiting noise source in electrooptic sampling is the shot noise of the probe beam (observed as shot
noise of the photodiode quiescent current.) The signal generated by the photodiode (dropping the constant term Ip)
from Eqn. 12 is

Af
iom(t)=¥,% V(Ntfoa- Af)+ isN 20)

The shot noise, isN, associated with the DC component of the photodiode current has a variance given by

i =2qloBeq @b

where q is the electron charge, the horizontal bar denotes the statistical expectation, and

Beq= V72 Bacg @

is the receiver's equivalent noise bandwidth. Setting the signal current [gntVmin/Vx equal to the shot noise current, and
normalizing to Beq =1 Hz acquisition bandwidth, the minimum detectable voltage is

__Vx_ [2q Volis
me- x IO \/Ez (23)

For the reflection-mode probing geometries, Vy = 5 kV, while the average photocurrent Ly is typically 1 mA. Then,
the minimum detectable voltage is

Vmin = 30 u.VN Hz )

Typically, Vpyin =70 uV/‘/Fz is observed experimentally due to =10 dB of residual noise from the system (dominated
by excess amplitude noise from the pulse compressor); this sensitivity is sufficient to acquire measurements at scan
rates of 10-100 Hz with a noise floor of a few millivolts. The actual measurement system has a number of additional
excess noise sources to contend with to achieve 70 uV/\/ﬁ-z sensitivity. These include timing jitter of the laser (phase
noise), intensity noise of the probe beam from low frequency laser fluctuations and from the pulse compressor, and
receiver noise.
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Low-frequency fluctuations in the mode-locked laser introduce noise into the received photocurrent. Fluctuations in the L-x
mode-locked Nd: YAG laser include variations in both pulse intensity and pulse timing. The laser produces a train of C::“-
pulses approximated by 1
o
+ oo :::;
Po o :
PO =7 (1+N®] 2 [t - m/fg - J(v)] (25) o
o>
me A
where N(t) is the normalized pulse intensity fluctuation and J(t) is the pulse timing fluctuation. The laser intensity AW
then has a power spectral density Sp(f) approximated to second order in mfoay by R
‘-:‘ ()
+o0 :_,. ]
el 3
Sp() = P%) Z { [1-(21tmf00 1)2] S(f-mfg) + [l-(21cmf00'1)2] SN(f-mfg) + (2rmfg)2S;y(f-mfg) } ®
m=-oo :'( \
@) 3
i,
where SN(f) is the power spectral density of N(t) and Sj(f) is the power spectral density of J(t). The spectrum of the o
laser intensity is a series of discrete spectral lines at multiples of fo, plus spectra resulting from the timing and e
amplitude fluctuations, referred to as amplitude-noise sidebands [Sn(f-mfg)] and phase-noise sidebands [(2rmf()2S x(f- ;,
mfg)]. By monitoring the laser intensity with a spectrum analyzer and measuring the relative powers of the laser :':_-:
harmonic and its noise sidebands as a function of the order of the harmonic, the spectral densities of N(t) and J(t) are .:::’
measured. .
N
With these amplitude and timing fluctuations, the received photocurrent igy(t) is :_-;;,‘
i
N
TN
. Ion t Af , . . ®
ty=Ip+ o— V| ———1|+ +1 +1i 2 -
ioudt) = Io Vr (me Af) Haser,0 + Maser,1 + lphase 2n :\’
N
<o)
where :‘ .
o
ilaser,0 = IgN(1) (28) P .
A
NP
is the zero-order (background) received noise current due to laser intensity flucwations, :.j-;
")
. Iox t Af =%
= N(t V| —— 29)
"M.I ( ) V’t (Nfo"'Af) ( g‘ )
R
e
is a received noise current arising from the product of the laser intensity fluctuations and the signal voltage, and l'; \': ‘
. Iox ' tAf
i == IOV |[— (30)
3
3‘(."1
N
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is the noise arising from the laser timing fluctuations, where V' (t) is the time derivative of V(t). We have assumed
that Af<<Nfg, and have omitted terms in N(t)J(t), as these are negligible.
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The spectral density SN(f) of the laser intensity noise N(t) is shown in Fig. 19. At frequencies below =1 kHz, the laser
intensity noise is approximately 70 dB greater than the shot noise of a 0.5 mA receiver photocurrent. At higher
frequencies the noise power decreases, reaching an asymptote 5-15 dB above the shot noise level at frequencies greater
than ~100 kHz. The excess noise at frequencies above 100 kHz arises from Raman scattering and polarization noise in
the optical pulse compressor. If the sampled signal were detected at a low frequency, the zero-order laser intensity noise
iaser,0 Would contribute a 103:1 degradation to the minimum detectable voltage. To suppress the zero-order laser in-
tensity noise, the excitation to the circuit under test is modified so that the received photocurrent ioy(t) has a spectral
component, with amplitude proportional to the probed voltage, at a frequency above the 100 kHz 1/f noise corner fre-
quency. One method is pulse modulation (chopping) of the drive signal. The received photocurrent then has a spectral
component at the chopping rate whose amplitude varies in proportion to the sampled point on the signal waveform.
The chopping frequency is set from 1-10 MHz, well above the 1/f noise corner frequency, to achieve near-shot-noise
limited detection.

Driving digital IC's requires modification of the pulse modulation scheme, since most digital circuits require
continuous drive signals for their clocks. One alternative is phase modulation of the drive signal, corresponding to
controlled jitter in time, at the chopping frequency. The received photocurrent then has a component at the chopping
frequency whose amplitude is proportional to the time derivative of the sampled signal, and is recovered by integration
[46]. The drawbacks to this technique are circuit sensitivity to clock jitter (usually negligible) and a reduction in the
signal-to-noise ratio (due to the differentiation) by a factor of the square root of the acquisition bandwidth. A second
signal recovery scheme, termed fast offset and averaging, relies on increasing the frequency offset Af to a rate above the
low-frequency laser noise, 100 to 200 KHz. The signal is recovered by high-pass filtering to remove the low-frequency
laser noise, then by signal averaging at the offset rate Af. If the received signal is averaged at the scan rate, the
sensitivity using fast averaging is the same as for simple synchronous sampling with the same measurement
acquisition time. Commercial digitizing oscilloscopes have limited averaging rates; at scan rates of 100-200 kHz,
most instruments can average a maximum of only 100-200 scans per second, corresponding to a signal-to-noise
reduction of 30 dB from averaging at the fast scan rate. Even so, we have demonstrated the feasibility of this technique
using a commercial digitizing oscilloscope, and the signal-to-noise reduction, compensated for by increased
measurement acquisition time, is justified for testing IC's that are sensitive to signal chopping.

The two remaining noise terms arising from laser low-frequency fluctuations, ilaser,1 and iphase, are not suppressed
by signal chopping or signal phase modulation. Because these noise terms arise from the products N(t)V(at) and

J(t)V'(at). their power spectra are proportional to the convolutions Sy(f)*Sv(f /a) and S,(()"f2sv(f /a)/u2 , respec-

I.‘fJ' "-""' ."u‘ s
X _2es

tively, where Sy(f) is the power spectrum of V(t). Pulse-modulaiion or phase-modulation of V(t) at a frequency fmod

results in a received photocurrent having spectral components at f 04 arising from both V(i) and from the multiplica-

tive laser amplitude noise ijaser,1 and the received phase noise iphase. Instead, these noise terms must be suppressed N

by laser stabilization. The laser timing stabilizer reduces Sy(f) by 20-25 dB at frequencizs lying within typical receiver ,‘_:

bandwidths B, of 10 Hz-1 kHz. Fig 20 shows the resulting suppression of received phase noise on a 20 GHz sampled ::
w

signal. The multiplicative amplitude noise ijaser,1 can be suppressed by feedback stabilization of the laser intensity
[47). As the multiplicative amplitude noise scales with the signal voltage V(t), without laser amplitude stabilization it
is a significant source of measurement error in the electrooptic sampling system for signal voltages larger than =1 V.

Additional noise arises from the receiver, which has an equivalent input noise current
17
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1] :.I
L
) b,
. [/
, )
2 4kTBeq . 2 12 ;
Yreceiver = T RL * lamp * 73 Vamp a3n I
R[ i
. o
' where k is Boltzmann's constant, T is the absolute temperature, and R| is the photodiode load resistor. The first term ?:.
is the Johnson or thermal noise of the load resistor, and izmp and va2mp are the equivalent input noise current and
equivalent input noise voltage of the amplifier following the photodiode. Receiver noise is reduced to a level below \
the shot noise limit by appropriate receiver design; Ry is made large in comparison with 2kT/glg so that Johnson ’?"
noise is well below shot noise and the photodiode amplifier is selected for low input noise. .
d '_: :
2.
The pulse compressor introduces excess amplitude noise due to stimulated Raman scattering (SRS) and temperature- v
induced polarization drift in the non-polarization-preserving fiber {48]. We observe the broadband background LY
amplitude noise increase dramatically (20-40 dB) above the shot noise limit as the input power to the fiber approaches 'E.

the Raman threshold. A periodic structure to the noise spectrum (Fig. 21) corresponds to the free spectral range of the
1 km fiber. We attribute this effect to a parasitic synchronously pumped fiber-Raman laser formed by the 4% Fresnel
reflection at each fiber end facet and the high gain of the 1.06 um pumped SRS [49,50]. Self-phase modulation (SPM)
occurs over the entire length of the fiber while the interaction length for SRS is set by the dispersion-induced walkoff
between the input and Stokes-shifted wavelengths, approximately 60 meters. This dispersion also causes the 1.06 um
. pump and the 1.12 um Raman pulse to separate by 1.8 ns over the length of the 1 km fiber. If the weakly reflected
y Raman pulse is synchronized to within 1.8 ns of a pump pulse it is further amplified after its first round trip through
the fiber. With this condition the Raman threshold with the 1 km fiber is 400 mW average power from the fiber
output. Trimming the fiber length a few inches defeats this synchronism and increases the Raman threshold to 700
mW. We routinely obtain 60X compression ratios at power levels (350 mW average power from the fiber output) well
below the Raman threshold.

ST e

B R AR EY T r"'liv'.-f_.f.r'— gt s

In addition to SRS the fiber generates broadband polarization noise, possibly arising from guided acoustic wave Bril-
g lioun scattering [51] or intensity-induced polarization fluctuations [45]. The polarization noise is converted to ampli-
3 tude noise after passing through the grating pair in the compressor. Adjusting the polarization from the fiber to max-
) imize transmission through the grating path results in second-order intensity variations due to polarization fluctuations,
reducing this excess noise to a level approaching the shot noise limit (Fig. 22). However, the pulse compressor with
the relatively long 1 km fiber typically contributes 5 to 15 dB of xcess amplitude noise. To suppress polarization

I} \

. drift, the non-polarization- preserving fiber is placed in a temperature -stabilized environment. :j
5 2
d 3.4. Spatial resolution :’
The spatial resolution of the probe is set by diffraction-limited focusing of the 1.06 um wavelength beam. The mini- 'ff
mum achievable spot diameter (full-width half maximum) for diffraction limited optics is *
.'.'

N AV1-NA2 32) :

do==7NA \

-
a3
4
]
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"W where A is the optical wavelength and NA is the numerical aperture of the focusing lens. With a high NA lens spot :
ot}

<\ sizes approaching the optical wavelength are possible. Standard microscope objectives (focal length of 8 mm and NA !
Y

of 0.4, for example) routinely achieve spot sizes of 3 um, suitable for probing most IC interconnects but not for
probing very small features such as sub-micron gate lines.

v,
)
:: 3.5. Linearity
%
! v, Because typical circuit voltages are small compared to the ha'i-wave voltage Vg, the probe beam intensity modulation
A is small and very nearly linear with respect to the probed voltage. An analysis of the linearity and dynamic range of
8 the probe due to the sinusoidal dependence of the probe intensity with respect to signal voltage [27] shows the probe is
: linear w within 1% for signal voltages <200 volts with the system set at the quarter-wave bias (the linear region of the
sinusoidal transmission) as in Eqn. 8.
3.6. Invasiveness
e
': ; One important feature of optical probing of IC's is the non-contact, non-destructive nature of the technique. Compared
t o 1o conventional electrical probes, the optical probe makes no mechanical contact to the IC, avoiding physical damage
: 10 the circuit, does not require the test point to drive a 50 £ load impedance, and has no parasitic impedances. The lack
K of parasitic impedances is an important characteristic for measurement frequencies in the upper microwave and '
:'_E millimeter-wave region, where even the small parasitic impedances of well-designed electrical probes become sig-
b nificant. The optical probe can perturb the circuit either by photoconductively generating carriers, which then change
:: the substrate conductivity and generate photorefractive or photovoltaic potentials, or by the inverse electrooptic effect X
&% or optical rectification. Direct band-to-band absorption of the probe is avoided because the photon energy of the 1.06
s um optical probe, 1.17 eV, is well below the bandgap energy, 1.42 eV, of GaAs. However, the presence of impurities
\",' in the GaAs results in deep levels, i.e. the presence of allowed electron states at energies near mid-bandgap. The decp
":'_ levels, primarily the EL2 level, absorb some of the 1.06 pum light in the GaAs and generate free carriers. Absorption y
-:" can also occur if the probe beam is too intense. With tight beam focusing and short pulse duration, probe beams of :
S average intensities approaching 100 mW have peak pulse intensities sufficient for two-photon band-to-band absorption.
o
L
;': On circuits, we observe changes of approximately 0.1 dB in the forward gain (S2) of microwave distributed amplifiers
:; with an intense 125 mW probe beam at 1.06 um wavelength. Focusing directly within the active FET channel causes
'7': significant changes in drain current. However, the probe is not focused within the device for circuit measurements, but
3 on the adjacent metal interconnects. For testing digital circuits probe beam intensities are kept below ~50 mW
; '::: typically. Probe beam intensities can be reduced by a factor of ten, reducing the photogenerated carrier concentration by
' -\ a similar factor, without severe degradation of the system sensitivity (Eqn. 23). Residual invasiveness of the probe can
jf::’ also be reduced by increasing the probe beam wavelength from 1.06 to 1.3 um, where the absorption due to the EL2
<2 deep level is reduced by a factor of 5 [52,53).
-,
) 4. Circuit measurements
"
E‘,}: 4.1. Realistic circuit testing conditions
o
- Optical probing, providing access to the high-impedance internal nodes of IC's with picosecond time resolution and
., micron spatial resolution, permits direct measurements of the performance of state-of-the-art microwave and digital
. GaAs circuits. To permit meaningful evaluations of a circuit's performance and 0 provide meaningful comparisons
; between competing circuit technologies, these measurements must be made under realistic circuit operating conditions
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The propagation delay of switching devices in simple test circuits, measured by either electrooptic sampling or by
conventional methods, are used to project the maximum clock frequency of these devices used in digital systems. Un-

‘St
AR,

":. less the test circuit provides representative switching voltages, interface impedances, and fan-outs, the measured delays
= will not correlate well with the maximum clock frequency of circuits such as shift registers, binary multipliers, and
:: memory. For example, the response of a transistor driven by a low-impedance photoconductor and loaded by a low-
:}'_. impedance, 50  transmission line is in general much faster than the response of a logic gate driven by the normal
::t: output impedance of a driving gate and loaded by the normal input capacitances of cascaded gates. If the test circuit is
B iy constructed in hybrid form with wire bonds between the tested device and the transmission Llines, the interconnect para-
N sitics may dominate the circuit response.
o
"_;\: Ring oscillators and inverter strings, the simplest digital test structures, are often used as benchmarks of circuit speed.
:'_E: These circuits load the gates with unity fan-out and tend to give optimistically small delay measurements. Ring
e oscillators often operate small-signal, without full logic-level swings, while inverter strings operate with full logic-
o level swings. Master-slave flip-flops, connected as binary frequency dividers, operate with logic signal levels and with
{ \.E each gate loaded by a fan-out of two, and serve as better performance indicators.
NG
' \:: For microwave/analog circuits such as distributed amplifiers, appropriate test signals are swept-frequency sinusoids for
: small-signal transfer function measurements, or single-frequency signals set to larger amplitudes for large-signal and
; saturation measurements. Signal sources and terminations should have 50 2 impedances to eliminate source and load
;;:\: reflections.
f 'vf\ 4.2. Digital circuit measurements

!l

~T Ring oscillators provide a measure of a gate delay from the rate of a free-running signal propagating around an odd-
::::: numbered ring of inverters, i.¢. the repetition period corresponds to product of the average gate delay and the number of
?.:, . gates. These free-running circuits are not readily clocked with an external signal, making synchronization to the probe
:f_: pulses for electrooptic sampling difficult. Inverter chains, however, consisting of series of cascaded inverting logic
' gates, must be clocked with an external signal, permitting the synchronization of probe pulses for electrooptic mea-
_:::f surements and assuring full logic-level switching of the gates. Typically, average gate delays are measured with sam-
s pling oscilloscopes; the propagation delay of the entire chain is measured and divided by the number of inverters to ob-
:.'::: tain the average delay of an individual inverter. For electrooptic testing the input inverter is switched with a mi-
! .— crowave synthesizer, generating a square wave that ripples thiough the test structure. The first several inverters condi-
: . tion the input signal, sharpening the switching transients unul the signal risetimes and falltimes reach a steady-state
:-.f’: value. The optical probe is then positioned from node-to-nods, measuring directly the propagation delays and signal
:-;'. risetimes at gate input and output nodes and at nodes internal to the gate.
s Fig. 23 shows a gate delay measurement on an inverter chain implemented in Ipm gate-length buffered-FET logic
- MESFETS, with Fig. 24 showing an SEM picture of one inverter. The delay between curves A and B of Fig. 23 is
":t: the propagation delay of the inverting common-source stage, 60 ps, while the delay between curves B and C is the de-
:: lay of the source-follower buffer and diode level-shifter, 15 ps. The inverter chain from Lawreace Livermore Nauonal
_y Labs {54] consisted of 20 gates each with a fan-in and fan-out of unity.
P
" The timing of inverter chains has also been examined by Zhang, et. al. (S5], optically triggering an inverter in the
:..j chain and using electrooptic sampling to measure the circuit response and gate propagation delays in a pump/probe
:j configuration. A frequency-doubled portion of the probe beam (at A=532 nm) focused on the gate region of a FET
e
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photoconductively generates carriers, turning on the FET and generating a switching transient that propagates down the
test structure. The probe beam, positioned at a node after the switched gate, is successively delayed with respect to the
switching pulse to map the transient waveform. This technique offers an all-optical approach, avoiding microwave
connection to the IC, which is suitable for testing of simple IC test structures. However, optical triggering is an
impractical method for generating the multiple clock and data signals required to drive large scale IC's.

A higher-level test circuit for IC performance is the static frequency divider, consisting of two flip-flops in a master-
slave divide-by-two arrangement (4]. The maximum clock frequency of the divider, set by the propagation delays
through the master-slave feedback path, provide an indirect measure of the devices' speed. Testing this circuit is nor-
mally accomplished by increasing the clock rate of the divider until its divide-by-two output fails.

The schematic of such a frequency divider is shown in Fig. 25. The circuit, from Hughes Research Laboratories (see
Fig. 26), uses 0.2 um e-beam written gates, molecular-beam epitaxy grown channels, air-bridge interconnects, and
optimized ieedback to achieve high frequency clock rates. The dividers were implemented in two circuit families,
buffered-FET logic (BFL) and capacitively enhanced logic (CEL). Conventional testing, using transmission line
probes to drive the circuit and monitor its output on a spectrum analyzer indicated correct circuit operation to 18 GHz.
However, the spectrum analyzer gives inconclusive evidence of correct divider operation, since it measures only the
output frequency and not the time waveforms. By direct waveform measurements using electrooptic sampling, correct
divide-by-two operation was verified, gate propagation delays of 20-30 ps were measured and correlated to maximum
clock frequencies (Fig. 27), and the internal delays through the inverting and source-follower stages of individual BFL
gates were identified [56]. Note that while the scaled 0.2 um gate-length FET's had significantly shorter delay through
the inverting stage, the delay through the buffer stage was comparable to the 1 um BFL from LLNL. These data
suggest the speed limitation through the buffer stage is no longer transistor limited but limited by the resistance-
capacitance time constant of the level-shifting diode resistance and the input capacitance of the cascaded gates.

The spatial resolution of the electrooptic sampler permits probing of MSI GaAs digital IC's to determine signal rise-
times and relative iming. Fig. 28 shows serial output waveform probed on a 2 um conductor internal to the output
buffer in a 2.7 GHz 8-bit multiplexer/demultiplexer from Tri-Quint Semiconductor {57] and Fig. 29 shows the 8-phase
clock waveforms probed on 4 um metal interconnects. Similar measurements have recently been made on gigaherz
logic flip-flops and counters [58].

4.3. Microwave circuit measurements

At microwave and mullimeter-wave frequencies. where conductor lengths and circust element sizes often become large
with respect to the electncal waelength, direct measurements of conauctot voltages and currents are dufficult, parucu-
larly with conventional electncal test instrumentauon  Direcuonal couplers and directional bndges separate the forward
and reverse waves on a transmiston line; standard microwave test instruments use these 10 measure the inc.dent and
reflected waves at the ports of a8 microwave d:vice or network. The relatonshup between these waves is expressed as
the wave scatienng mauix S known as the scatteriag parameters (59] The electroopuc sampler direct!y measures
voltages. but not currents, prevenung a direct measure of 2-pon parameters Measunng the voltage as a funcuon ot
position with the opucal probe [60], similar to a slotied-line measurement, permits cakculavon of the incident and rev-
erse waves on the transmission lines connecung to devices  From this informaton the network scattenr.g parameters
can then be determined.
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Lawrence Livermore Nauona) Labs.
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The vector voltage due to the sum of the forward and reverse traveling waves on a losssless transmission line conductor :E '
is X

hg

V(z) = V*exp(-jBz) + V exp(+jBz) 33)

Zi:".
where V* and V" are the forward and reverse traveling wave coefficients, B is the wavenumber 2n/A, and z is the posi- :‘".;
ton. The traveling-wave coefficients are calculated by measuring this vector voltage as a function of position along a :::
conductor using the optical probe then solving for these coefficients. For a one-port transmission line the ratio of the Y
traveling wave coefficients V* and V- is the reflection coefficient T, or S11 , the return loss. An example of such a :
measured vector standing wave and the calculated reflection coefficient for an unterminated CPW transmission line at a ::::'
drive frequency of 40 GHz is shown in Fig. 30, and a similar measurement with an unmatched load terminating the ::::
line at 20 GHz is shown in Fig. 31. Extending this technique to calculate the incident and reflected waves on the \_':
input and output ports of a network allows for calculation of the S-parameters with a reference plane defined on the 5
integrated circuit. ‘\N
On GaAs microwave amplifiers and similar MMIC's, the propagation of microwave signals intemal to the circuit can {::."-
be measured. Figure 32 is a monolithic 2-18 GHz MESFET distributed amplifier from Varian Research Labs [61,62] 5:', )
with coplanar-waveguide transmission line interconnects. The circuit diagram is shown in Fig. 33. In a distributed . l
amplifier, a series of small transistors are connected at regular spacings between two high-impedance transmission e
lines. The high-impedance lines and the FET input and output capacitances together form synthetic transmission lines r"_
of 50 € characteristic impedance. Series stubs are used in the drain circuit, equalizing the phase velocities of the two ::.:::
lines and providing partial matching between the low impedance of the output line and the higher output impedances of "oy
the FET's at high frequencies, thereby peaking the gain. Measurements of interest include the relative drive levels to ® ’
the individual FET's as influenced by the loss and cutoff frequency of the synthetic gate line, the small-signal voltage A
at the drain of each FET, and identification of the saturation mechanisms leading to amplifier gain compression. -

KRN

vy
Figure 34 shows the small-signal gate voltages versus frequency for the amplifier of Fig. 32; several features can be ;::: !
noted. The rolloff beyond 18 GHz is the cutoff frequency of the periodically-loaded gate line, the slow rolloff with fre- ®
quency is the gate line attenuation arising from the real part of the FET input admittance, and the ripples are standing ‘_‘,',_'\-‘
waves resulting from mistermination of the gate line (i.c. the load resistance not equal to the synthetic line's charactar- :’_'::
istic impedance.) BNy

7
Similar measurements can be made on MMIC's using microstrip transmission lines. Figures 35 and 36 show the _I\
small-signal drain voltages versus frequency for a distributed amplifier with microstrip transmission lines (Fig. 37, :E:'.:
also from Varian Associates.) The strong variation with frequency and position results from interference of the forward >
and reverse waves on the drain transmission line. '_:::

T
Used in the synchronous sampling mode, the electrooptic sampler can measure the voitage waveforms at internal nodes L
under conditions of circuit saturation, permitting identification of the saturation mechanisms. Figure 38 shows the ;'.-:'-.
voltage waveforms at drains 4 and S of the microstrip distributed amplifier operating at 10 GHz and 7 dBm input pow- o
er, corresponding to the 1 dB gain compression point. For this amplifier, at frequencies above 5 GHz, gain saturation :'_:'_:
arises predominantly from drain saturation (i.c. reduction of V4g to the point where the drain end of the channel is no ..-.
longer pinched off) of the fourth and fifth FET's. Saturation at drive frequencies as high as 21 GHz can be observed =
(Fig. 39). Even if the probed points had been accessible with electrical probes, these measurements would not be pos-

o

o
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sible with sampling oscilloscopes (due to limited bandwidth), spectrum analyzers (magnitude response only), or net-
work analyzers (small-signal response only).

5. Conclusion

A variety of new probing techniques for high-speed integrated circuits have been investigated, with the objective of
providing an instrument with bandwidth greater than that of the tested device, a spatial resolution sufficient to permit
access to finely spaced conductors within these circuits, measuring their potential independent of the potential of nearby
conductors, and with negligible degradation of measurement accuracy from circuit perturbation. The techniques dis-
cussed in the introduction use either electron or optical beams to measure electrical signals on an IC, and all have some
degree of tradeoff between achieving best time resolution, spatial resolution, and perturbation of the circuit operation.
Direct electrooptic sampling uses the substrate of the GaAs IC itself as the electrooptic modulator, eliminating external
electrooptic elements and their invasive aspects, and permitting access to arbitrary points within the circuit without
physical contact to a resolution limited by the diameter of the focused infrared probe beam. With the substrate serving
as the electrooptic element, the optical properties of the circuit must be considered (polishing of the substrate backside
and metallization reflectivity), and probe beam absorption through deep levels in the GaAs substrate may affect circuit
operation. Reducing the probe beam intensity or using a longer wavelength beam reduces this perturbation. The
sections on system bandwidth and sensitivity describe limits on the instrument's time resolution and accuracy. Since
the intensity modulations due to the electrooptic effect are small, full understanding of the noise sources in the system
and methods for their suppression is crucial if the system is to provide useful circuit measurements. The resulting
system has a time resolution of less than 2 ps, a corresponding bandwidth greater than 100 GHz, a sensitivity of 70
pV/‘\/Ez. and a spatial resolution of less than 3 microns.

The direct electrooptic sampling system has several aspects critical for IC testing in addition to internal node testing.
Synchronization of the laser probe pulses to the signal generator driving the IC permits operation of the circuit in its
normal fashion, driven by microwave or digital signals from electronic sources. Integration of the electrooptic sam-
pling system with a microwave wafer probe station permits wafer-level optical probing of high-speed IC's. Measure-
ment results on a variety of GaAs analog microwave and high-speed digital integrated circuits have been presented,
such as gate propagation delay and logic timing measurements of an 8-bit multiplexer/demultiplexer clocked at 2.6
GHz, a 20 gate inverter chain using 1um MESFET technology, 18 GHz static frequency dividers using 0.2 um
MESFET technology on digital IC's, internal signal measurements on 2-18 GHz microstrip and coplanar waveguide
traveling-wave amplifiers, and voltage standing wave and reflection coefficient measurements on transmission lines at
frequencies to 40 GHz. Extending the standing-wave measurements to two-port devices will permit on-wafer mil-
limeter-wave scattering parameter measurements with the reference planes located at the device terminals on the IC.
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